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Graphene, a two-dimensional (2-D) monoatomic layer of sp2 hybridized carbons, has emerged as 
a unique exotic material of the 21st century, and has received considerable attention due to its 
excellent thermal, optical, electrical and mechanical properties. However, graphene itself does 
not occur naturally.  Many methods, such as mechanical exfoliation of graphite, chemical vapor 
deposition and reduction of graphene oxide (GO) have been reported for the preparation of high-
quality graphene. Nevertheless, it is desirable to explore other low-cost and environmentally-
friendly methods for the reduction of GO in bulk quantities. Reduced GO (RGO) has a tendency 
to agglomerate irreversibly, or even to restack into graphite through van der Waals force and π-π 
stacking interactions. Accordingly, it is important to modify or functionalize RGO to improve its 
stability and dispersity (and thus processability). Alone these lines, this research focused on the 
effective and mild means of reduction of GO nanosheets, as well as on the modification of 
obtained RGO nanosheets with functional polymers to improve their stability, dispersity and 
functions.  
 
In the first part of project, GO nanosheets were reduced by dopamine at a weak alkaline pH, with 
the dopamine simultaneously undergoing self-polymerization to produce the polydopamine 
(PDA)-capped RGO nanosheets. The resulting PDA-capped RGO provided a versatile platform 
for grafting of thiol- and amino-terminated functional polymers, such as polyethylene glycol 
(PEG), to the nanosheets via Michael addition or Schiff base reaction. The so-obtained RGO-g-
PEG exhibited good stability and dispersity in water and various organic solvents. 
 
In the second part of project, RGO-polymer nanocomposites were prepared via π–π stacking 
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interactions of RGO with the perylene bisimide-containing poly(glyceryl acrylate) (PBIPGA). 
The chemical states, morphology and composition of RGO-PBIPGA nanocomposites were 
characterized, respectively, by XPS, TEM and TGA. The RGO-PBIPGA nanocomposites 
exhibited low cytotoxicity effect towards 3T3 fibroblasts in 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) cell viability assays. 
 
In the third part of project, GO nanosheets were reduced by aniline above room temperature in 
an aqueous acid medium, with the aniline simultaneously undergoing oxidative polymerization 
to produce the RGO-polyaniline nanofiber (RGO-PANi) composites. The resulting RGO-PANi 
nanocomposites and RGO (after dissolution of PANi) were characterized by XPS, XRD analysis, 
TGA, UV-visible absorption spectroscopy, and TEM. It was found that the RGO-PANi 
nanocomposites exhibit good specific capacitance during galvanostatic charging-discharging 
when used as capacitor electrodes.  
 
 In the last part of project, β-cyclodextrin (CD)-functionalized RGO (RGO-g-CD) nanosheets 
were prepared via solution-based one-pot synthesis. The RGO-g-CD nanosheets were further 
functionalized with poly(N-isopropylacrylamide-co-vinylferrocene(II)) (PNIPAM-Fc) and 
ferrocene-modified hyperbranched polyglycerol (HPG-Fc) to form RGO-g-CD/Fc-PNIPAM and 
RGO-g-CD/Fc-HPG nanohybrids, respectively. Both RGO-g-CD/Fc-PNIPAM and RGO-g-
CD/Fc-HPG nanohybrids were dispersible and stable in a wider range of solvents than the RGO-
g-CD precursor nanosheets. Due to the thermoresponsive behavior of the attached PNIPAM 
moieties, the RGO-g-CD/Fc-PNIPAM exhibited reversible dispersibility in aqueous solution at 
the lower critical solution temperature (LCST) of 28 °C and thus could potentially be developed 
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into thermoresponsive nanodevices. The RGO-g-CD/Fc-HPG nanohybrids exhibited low 
cytotoxicity towards 3T3 fibroblasts in MTT cell viability assay.  
 
In conclusion, these studies have demonstrated the low-cost and environmentally-friendly 
methods for the reduction of GO nanosheets and the functionalization of the obtained RGO 
nanosheets with polymers to improve their stability and dispersity. The obtained RGO-polymer 
nanocomposites exhibit intriguing chemical and physical properties that are potentially useful for 
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Figure 2.1 (a) Synthesis of GO-TPAPAM hybrid; (b) J-V characteristics and stability  
tested in either ON or OFF state under stimulus by read pulses of a 0.16-
mm2 ITO/GO-TPAPAM/Al device. Inset of (b): schematic diagram of the 
single-layer memory devices. 
 
Figure 2.2 (a) Molecular structure of RGO-PCFT hybrid; (b) The photovoltaic device 
structure of ITO/PEDOT:PSS/active layer/LiF/Al; and (c) Current density-
voltage characteristics (J-V) of the RGO-PCTF-based photovoltaic device in the 
absence and presence of PCBM under a simulated 100 mW cm-2 (AM 1.5G) 
illumination. 
 
Figure 2.3  (a) Schematic representation of LBL electrostatic assembly of RGO nanosheets 
and PS-b-P4VP BCMs; (b) Photograph images of (PS-b-P4VP/RGO)n 
multilayer films; (c) UV-visible spectra of (PS-b-P4VP/RGO)n with the increase 
in the bilayer number; (d) The linear relationship between the absorbance 












(a) Schematic illustration of the synthetic procedures for MnO2-CNT-RGO 
hybrid; (b) Variation of specific capacitance and surface area of MnO2-CNT-
RGO hybrid-based electrode with the mass percentage of RGO in MnO2-CNT-
RGO hybrid; and (c) cycle performance and coulombic efficiency of MnO2-
CNT-RGO hybrid-based electrode with 37 wt% of RGO measured at current 
density of 2.0 A g-1. The inset of (c) shows the last 10 cycles of galvanostatic 
charge-discharge. 
 
Mechanism of ATRP. 
Figure 2.6 Grafting of PDMAEMA Chains on GO Nanosheets via surface-initiated ATRP 









(a) Schematic illustration of grafting of PNIPAM from RGO nanosheets via 
surface-initiated ATRP; (b) Schematic description of the reversible temperature-
responsive property of RGO-PNIPAM hybrid. 
 
Generally accepted mechanism for a RAFT polymerization.   
 
Figure 2.9 (a) Storage and (b) loss modulus of GO-PS hybrids, prepared from GO-DDMAT 
to styrene weight ratio of 1, 2, 3, and 6 wt%, as function of temperature. The 
XV 
 








Synthesis of homopolymers- and diblock copolymers-grafted GO nanosheets via 
MPTT (a) and TBPT (b) mediated RAFT polymerization and hydroxyl-
alkoxysilane coupling reaction. 
 








(a) Photograph of mussels attached to a solid substrate; (b) Simplified molecular 
representation of the adhesive protein; (c) The chemical structure of 
norepinephrine, a minimalized essential fraction in the adhesive protein; (d) 
Poly(norepinephrine) coating on the surface of graphene oxide. 
 





Fabrication of GO-PP hybrid via in situ Ziegler-Natta polymerization. 
 
Proposed mechanism of SET-LRP. 
 
Figure 2.16 Synthesis route for the GO-PNIPAM hybrid. 
 
Figure 2.17 Application field of graphene-electroactive polymer nanocomposites. 
 
Figure 2.18 Synthesis procedure for covalent grafting of OH-terminated P3HT chains onto 
GO nanosheets. 
 
Chapter 3  
 
Figure 3.1 Schematic illustration of the preparation of PDA-capped RGO and RGO-g-PEG. 
 
Figure 3.2 TEM images of the (a) GO and (b) PDA-capped RGO nanosheets from aqueous 
dispersions, (c) photograph of aqueous and organo-dispersions PDA-capped 
RGO and RGO-g-PEG after one week (concentrations of PDA-capped RGO in 
H2O = 0.05 mg/mL and RGO-g-PEG in THF, DMF, CHCl3 and H2O = 0.02 
mg/mL). 
 
Figure 3.3 UV-visible spectra absorption of the Tris-Cl aqueous dispersions of GO (1) 
before and after being reduced by dopamine for (2) 4, (3) 8, (4) 12, (5) 16 and 
(6) 24 h. 
 
Figure 3.4 XRD patterns of (a) GO and (b) PDA-capped RGO. 
 
Figure 3.5 XPS C 1s core-level spectra of (a) GO, (b) PDA-capped RGO, (c) RGO-g-PEG 
from thiol-terminated PEG and (d) RGO-g-PEG from amino-terminated PEG. 
Insets of (b) and (c) are the N 1s and S 2p core-level spectra of PDA-capped 
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RGO and RGO-g-PEG from thiol-terminated PEG, respectively. 
 
Figure 3.6 TGA curves of the (a) GO, (b) PDA-capped RGO, (c) RGO-g-PEG from thiol-
terminated PEG, and (d) RGO-g-PEG from amino-terminated PEG. 
 
Figure 3.7 1H NMR spectra of the (a) PDA-capped RGO, (b) RGO-g-PEG from thiol-
terminated PEG, and (c) RGO-g-PEG from amino-terminated PEG. 
 
Figure 3.8 FT-IR spectra of the (a) GO, (b) PDA-capped RGO, (c) RGO-g-PEG from thiol-
terminated PEG, and (d) RGO-g-PEG from amino-terminated PEG. 
 
Figure 3.9 DSC curves of the (a) PDA-capped RGO, (b) RGO-g-PEG from thiol-
terminated PEG, and (c) RGO-g-PEG from amino-terminated PEG. 
 
Chapter 4  
 
Figure 4.1 Schematic illustration of the preparation of PBIPGA via ATRP, and subsequent 
hydrolysis of the acetal-protecting group. 
 
Figure 4.2 Schematic illustration of the preparation of RGO via thermal deoxygenation and 
RGO-PBIPGA composites via π-π stacking interactions. 
 
Figure 4.3 1H NMR spectra of (a) PBIPSA (Mn = 9100 g/mol, PDI = 1.18) in CDCl3-d and 
(b) PBIPGA from deprotection of PBIPSA in DMSO-d6. 
 
Figure 4.4 GPC elution traces of PBIPSA with an ATRP time of (a) 4 and (b) 6 h. 
Figure 4.5 (a) UV-visible absorption spectra of the PBIPGA (from deprotection of PBIPSA 
(Mn = 9100 g/mol, PDI = 1.18)) in DMSO for concentrations from 1 × 10-5 M to 
1 × 10-6 M (Moles of PBIPGA per liter of DMSO); (b) UV-visible absorption 
spectra of the 1 × 10-4 M to 6 × 10-6 M (Moles of PBIPGA per liter of H2O) 
aqueous solutions of PBIPGA (from deprotection of PBIPSA (Mn = 9100 g/mol, 
PDI = 1.18)). 
 
 
Figure 4.6 Fluorescence spectra of the 2 × 10-5 M to 6× 10-7 M (Moles of PBIPGA per liter 
of H2O) aqueous solutions of PBIPGA (from deprotection of PBIPSA (Mn = 
9100 g/mol, PDI = 1.18)) with an excitation wavelength λex = 496 nm. The inset 
shows the photograph of PBIPGA aqueous solutions under UV illumination. 
 
Figure 4.7 XPS wide-scan and C 1s core-level spectra of the (a,b) GO, (c,d) RGO from 
thermal annealing of GO, and (e,f) RGO-PBIPGA composites (from an initial 
PBIPGA to RGO ratio of 5 mmol/mol, with the free or uncomplexed polymer 





Figure 4.8 (a) Photograph of the aqueous dispersion of the RGO-PBIPGA complex from a 
PBIPGA to RGO ratio of 5 mmol/mol, and transmission electron microscope 
(TEM) images of the (b) GO nanosheet and (c) RGO-PBIPGA composite 
nanosheet (from an initial PBIPGA to RGO ratio of 5 mmol/mol, with the free or 
uncomplexed polymer removed by centrifugation). 
 
 
Figure 4.9 (a) UV-visible absorption spectra of the aqueous dispersion of RGO-PBIPGA 
composites, with different concentrations of PBIPGA; (b) fluorescence spectra 
of the RGO-PBIPGA composites (from an initial PBIPGA to RGO ratio of 5 
mmol/mol, with the free or uncomplexed polymer removed by centrifugation) in 
comparison with PBIPGA (2 × 10-5 M, moles of PBIPGA per liter of H2O) in 
water excitation wavelength λex = 496 nm. 
 
Figure 4.10 TGA curves of the GO nanosheets, the RGO nanosheets from thermal annealing 
of GO, PBIPGA (from deprotection of PBIPSA, Mn = 9100 g/mol, PDI = 1.18) 
and the RGO-PBIPGA composites (from an initial PBIPGA to RGO ratio of 5 
mmol/mol, with the free or uncomplexed polymer removed by centrifugation) 
 
Figure 4.11 Cytotoxicity assays of the RGO-PBIPGA composites (from an initial PBIPGA to 
RGO ratio of 5 mmol/mol, with the free or uncomplexed polymer removed by 
centrifugation) of different concentrations in 3T3 fibroblasts culture medium 
after 6 and 24 h of incubation. 
 
Chapter 5  
 
Figure 5.1 (a) A general chemical structure of PANi in its Emeraldine (EM) base and EM 
salt forms; (b) Schematic illustration of the preparation of RGO-PANi nanofiber 
composites. 
 
Figure 5.2 XPS C 1s core-level spectra of GO and RGO with different reduction times by 
aniline at 70 oC. 
 
 
Figure 5.3 XPS C 1s core-level spectra of (a) GO and (b) RGO from 24 h of reduction by 
aniline, and N 1s core-level spectra of the (c) RGO-PANi composites and (d) 
undoped RGO-PANi composites. 
 
 
Figure 5.4 XRD spectra of the GO nanosheets and the RGO nanosheets from different 
reduction time by aniline at 70 oC. 
 
Figure 5.5 TGA curves of the GO nanosheets and the RGO nanosheets from different 
reduction time by aniline at 70 oC. 
 
Figure 5.6 TGA curves of the GO nanosheets and the RGO nanosheets obtained after 24 h 
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of reduction by aniline at different reduction temperature. 
 
Figure 5.7 TEM images of the (a) GO, (b) RGO-PANi composites, and (c) PANi nanofiber 
and (d) PANi nanoparticles in the composites (The scale bar for the inset in (d) 
is 20 nm). 
 
Figure 5.8 Galvanostatic charge-discharge cycling curves of RGO-PANi composites at a 
current density of 300 mA/g in 1 M H2SO4 electrolyte. 
 
Figure 5.9 Nyquist plots of PANi, RGO and RGO-PANi composites. 






Synthesis route for the preparation of RGO-g-CD/Fc-PNIPAM and RGO-g-
CD/Fc-HPG nanohybrids. 
 
Synthesis of CD-pTS and CD-N3. 
 
Figure 6.3 UV-visible absorption spectra and photograph of the aqueous dispersions of (a) 
GO and (b) RGO-g-CD nanosheets. 
 
Figure 6.4 TEM images of the (a) GO and (b) RGO-g-CD nanosheets. 
 
Figure 6.5 XRD spectra of the (a) GO and (b) RGO-g-CD nanosheets. 
 
Figure 6.6 TGA curves of the (a) GO and (b) RGO-g-CD nanosheets, (c) HPG-Fc, (d) 
PNIPAM-Fc, and the (e) RGO-g-CD/Fc-HPG and (f) RGO-g-CD/Fc-PNIPAM 
nanohybrids. 
 
Figure 6.7 XPS wide scan spectra of the (a) GO, (b) RGO-g-CD nanosheets, and the (c) 
RGO-g-CD/Fc-PNIPAM and (d) RGO-g-CD/Fc-HPG nanohybrids. (b’) XPS N 
1s core-level spectrum of the RGO-g-CD nanosheets and (c’,d’) XPS Fe 2p3/2 
and Fe 2p1/2 core-level spectra of the RGO-g-CD/Fc-PNIPAM and RGO-g-
CD/Fc-HPG nanohybrids, respectively. 
 
Figure 6.8 1H NMR spectrum of RGO-g-CD nanosheets in D2O. 
 
Figure 6.9 GPC elusion traces of (a) PNIPAM-Fc and (b) HPG-Fc. 
Figure 6.10 13C NMR spectrum of ferrocene-modified hyperbranched polyglycerol (HPG-
Fc) in CD3OD. 
 
Figure 6.11 Turbidimetry measurements of the aqueous dispersion of (a) PNIPAM-Fc in a 





Figure 6.12 Cp for an aqueous dispersion of RGO-g-CD/Fc-PNIPAM nanohybrids as a 
function of temperature during the heating/cooling cycle. 
 
Figure 6.13 Relative cell viability of 3T3 fibroblasts after incubating in 40 and 80 μg/mL of 
the GO and RGO-g-CD nanosheets, and the RGO-g-CD/Fc-HPG nanohybrids, 













Table 2.1           Bonding of conjugated polymers to graphene nanosheets. 
 














Graphene, two-dimensional (2D) monoatomic thick of sp2-hybridized carbons, has led to 
exciting developments in materials science in recent years as it exhibits extraordinary mechanical, 
thermal and electrical properties (Stankovich et al., 2006). Nevertheless, the utility of graphene is 
limited because it agglomerates irreversibly in solvents due to its large specific surface area and 
strong π-π stacking tendency. Existing methods for the preparation of graphene, such as 
mechanical exfoliation of graphite and chemical vapor deposition,  have their advantages and 
disadvantages that involve trade-offs between cost and scalability (Stankovich et al., 2007).  
 
Graphene oxide (GO), a heavily oxygenated form of graphene with epoxide and hydroxyl groups 
on the basal plane and carboxyl groups at the edge, according to the widely accepted Lerf-
Klinowski Model (Figure 1.1) (Lerf et al., 1998),  has received considerable attention as a 
precursor of graphene (Dreyer et al., 2010). GO is commonly synthesized by the modified 
Hummers method (Hummers and Offeman, 1958), in which graphite powder is oxidized into 
graphite oxide by strong oxidants and acids. Since GO are negatively-charged in aqueous 
solution due to the ionization of the carboxyl groups, the electrostatic repulsion between the GO 
allows graphite oxide to exfoliate easily in aqueous medium under moderate ultrasonication (Pei 
and Cheng, 2012). Thus, chemical oxidation of graphite powder, followed by exfoliation of 
graphite oxide, has provided an affordable route to large scale synthesis of graphene-based 




Figure 1.1. Structure of GO nanosheets. (Lerf, et al. 1998. Structure of Graphite Oxide 
Revisitedǁ. J Phys Chem B 102:4477-82.) 
 
The presence of hydrophilic oxygen functionalities on GO nanosheets inhibits π-π stacking 
interaction and allows GO nanosheets to form stable colloidal dispersion in many solvents, such 
as N,N-dimethylformamide (DMF), 1-methyl-2-pyrrolidone (NMP) and tetrahydrofuran (THF) 
(Dreyer et al., 2010, Stankovich et al., 2007, Paredes et al., 2008).  Besides, the oxygen moieties 
on GO are versatile sites which can conjugate with additional organic molecules, providing 
numerous opportunities for the preparation of functionalized graphene hybrids (Dreyer et al., 
2010). Polymers are the most common types of organic molecules used to functionalize 
graphene, as they can produce substantially greater enhancement to the mechanical, electrical 
and thermal properties of graphene than other classes of materials (Kim et al., 2010). In addition, 
polymers can be readily synthesized and processed by solution-based methods, offering 
numerous opportunities to modify graphene properties at low cost (Kuilla et al., 2010, 




However, the sp2-sp3 hybridized structures of GO nanosheets disrupt the sp2 conjugated structure 
of graphene and cause significant loss of the unique properties of graphene. In comparison to 
graphene, GO has a Young’s modulus of 500 GPa and ultimate tensile strength of 63 GPa that 
are several orders of magnitude lower and is also electrically insulating (An et al., 2011, Paci et 
al., 2007). Thus, GO needs to be reduced to restore the structure and properties of graphene. GO 
is commonly reduced by reducing agents such as hydrazine hydrate, dimethylhydrazine and 
sodium borohydride (Dreyer et al., 2010, Stankovich et al., 2007). Increasing alternatives, such 
as thermal, solvothermal, electrochemical and photocatalytic reduction methods, are being 
developed to eliminate the usage of toxic reducing agents (Guo et al., 2009). Unfortunately, the 
reduced hydrophilic character of reduced graphene oxide (RGO) nanosheets may cause them to 
agglomerate irreversibly like graphene in the absence of dispersants. Restacking can be 
prevented by either blending with polymers prior to chemical reduction or use of polymers that 
can exfoliate the RGO aggregation via π-π stacking interaction (Kim et al., 2010). A more 
detailed literature survey of previous and on-going research on the surface modification of 
graphene nanosheets with polymers will be presented in Chapter 2. 
 
Based on these interesting and challenging problems, the overall purpose of this thesis is to 
design “greener” methods for the chemical reduction of GO nanosheets. After that, the obtained 
RGO nanosheets are modified with either conjugated or saturated polymers to provide new 
applications in biotechnology and electronics. Thus, the objectives of this thesis include: 
i) reduction of graphene oxide nanosheets with bio-inspired compounds; functionalization of the 




ii) simultaneous reduction of graphene oxide nanosheets and oxidative polymerization of 
conjugated monomers; development of the graphene-conjugated polymers into electroactive 
materials for supercapacitors. 
iii) reduction of graphene oxide nanosheets via hydrogen thermal reduction; functionalization of 
the resulting graphene nanosheets with biocompatible saturated polymers to reduce their 
cytotoxicity. 
iv) reduction of graphene oxide nanosheets through solvothermal reduction; conjugation of the 















Preparation of graphene-based polymer nanocomposites 
Generally speaking, graphene-based polymer nanocomposites can be realized through either 
covalent or non-covalent functionalization approaches. Since graphene is usually obtained via 
GO as a precursor, polymer-functionalized graphene nanosheets are mainly based on GO and 
RGO nanosheets. Due to the availability of reactive oxygen functionalities on GO nanosheets, 
majority of polymer functionalization studies on GO nanosheets involve covalent modifications, 
including esterification, amidation, nitrene addition, ‘Click’ chemistry, 1,3-dipolar cycloaddition 
reaction and surface-initiated polymerization (Salavagione et al., 2009, Zhuang et al., 2010, He 
and Gao, 2010, Pan et al., 2011, Zhang et al., 2012, Huang et al., 2010). RGO nanosheets and 
graphene nanosheets from direct exfoliation of graphite powder are usually non-covalently 
functionalized with polymers via π-π stacking, van der Waals and electrostatic interactions (Xu 
et al., 2011, Hong et al., 2011). On the other hand, graphene-based polymer nanocomposites can 
be broadly classified into three categories: conjugated, non-conjugated (saturated) and 
electroactive polymer nanocomposites. For better comparison among different kinds of 
functional polymers, this section will be presented along the later division. 
  
2.1 Graphene-conjugated polymer nanocomposites 
Conjugated polymers are macromolecules with alternating saturated and unsaturated bonds along 
the main chain backbone (Lee, 2008). They have been extensively investigated for various 
applications, such as light-emitting diodes (LEDs), light-emitting electrochemical cells (LECs), 
field effect transistors (FETs), photovoltaics, biomaterials and sensors (Bolinger et al., 2012, Wu 
and Chiu, 2013). The incorporation of conjugated polymers with graphene nanosheets not only 
introduce good solubility and intrinsic photoelectronic features, but also the combination of 
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advantages of graphene nanosheets, viz., large specific surface area, superior mechanical 
flexibility, remarkable optical transmittance, extraordinary thermal response and excellent 
electronic transport properties (Chen et al., 2012). 
 
Many different conjugated polymers have been conjugated with graphene nanosheets as shown 
in Table 2.1. Among the types of reaction, amidation reaction, 1,3-dipolar cycloaddition reaction 
of azomethine ylides and π-π stacking interaction are among the majority of reported studies. 
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2013) 
*tbd: to be determined 
Amidation reaction is favored due to the presence of abundant carboxyl groups at the edge of 
graphene nanosheets, which can be activated by thionyl chloride (Zhang et al., 2011, Zhuang et 
al., 2010) and reactive pentafluorophenyl ester (Xu et al., 2013). Zhuang et al. (Zhuang et al., 
2010) reported the preparation of GO nanosheets with covalently grafted triphenylamine-based 
polyazomethine (TPAPAM) via amidation of the amino-containing TPAPAM with the thionyl 
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chloride-pretreated GO nanosheets (Figure 2.1(a)). The resulting GO-TPAPAM hybrid was 
subsequently fabricated into an electronic memory device (with the sandwiched configuration of 
indium tin oxide (ITO)/GO-TPAPAM/Al). The memory device exhibits typical bistable 
electrical switching and a nonvolatile rewritable memory effect, with an ON/OFF current ratio of 
more than 103 at -1.0 V (Figure 2.1(b)). For the ON and OFF states, the current density remains 
unchanged, even after more than 108 read cycles at a read voltage of -1.0 V, indicating that both 
states are insensitive to read cycles. 
 
(a) (b)  
Figure 2.1. (a) Synthesis of GO-TPAPAM hybrid; (b) J-V characteristics and stability tested in 
either ON or OFF state under stimulus by read pulses of a 0.16-mm2 ITO/GO-TPAPAM/Al 
device. Inset of (b): schematic diagram of the single-layer memory devices. (Zhuang, et al. 2010. 
Conjugated-Polymer-Functionalized Graphene Oxide: Synthesis and Nonvolatile Rewritable 
Memory Effect. Adv Mater 22:1731-35.) 
 
 
In an effort to further expand the covalent functionalization of graphene nanosheets via 
amidation, GO nanosheets were functionalized with reactive pentafluorophenyl ester to allow the 
preparation of GO-conjugated polymer hybrid under mild condition (Xu et al., 2013). 
Pentafluorophenyl ester exhibits high reactivity toward primary and secondary amines under 
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mild condition, resulting in amide linkages with no known side reactions (Deng et al., 2012). 
Poly[(9,9-dioctylfluorene)-alt-(4-amino-phenylcarbazole)] (PFCz-NH2) with NH2 pendant 
groups was synthesized and grafted onto GO nanosheets through the reaction with reactive GO 
nanosheets to produce a soluble GO-PFCz hybrid. After conjugation of PFCz-NH2 with GO 
nanosheets, the absorption maximum of GO-PFCz hybrid was blue shifted by about 3 nm (λ = 3 
nm). The fluorescence emission from GO-PFCz hybrid was significantly quenched as compared 
to that of PFCz-NH2 at the excitation wavelength λex = 350 nm. Such intramolecular quenching 
process is due to charge and/or energy transfer between PFCz-NH2 as electron donor and GO 
sheet as electron acceptor (Zhang et al., 2012). The GO-PFCz hybrid was further employed as 
the active component in a nonvolatile rewritable memory device and similar memory device 
performance was achieved as that of the GO-TPAPAM hybrid. 
 
1,3-Dipolar cycloaddition reaction of azomethine ylides is a well-established reaction on 
fullerene (C60) (Ballesteros et al., 2007, Wudl, 2002), and can be extended to the graphene 
counterparts. The reaction between sarcosine, C60 and the corresponding π-conjugated systems 
functionalized with one or two aldehyde groups, led to a variety of C60-based full-fledged dyads 
and triads (Segura et al., 2005). Followed this approach, Chen and his co-workers (Zhang et al., 
2011, Zhang et al., 2012, Li et al., 2012) employed 1,3-dipolar cycloaddition reaction of 
azomethine ylides to functionalize RGO nanosheets with conjugated polymers. PFTPA-CHO 
(Zhang et al., 2012), PCTF-CHO (Li et al., 2012) and PFCF-CHO (Zhang et al., 2011) were 
successfully grafted onto RGO nanosheets in the presence of excess sarcosine. The RGO 
nanosheets with covalently grafted PCTF-CHO (RGO-PCTF, Figure 2.2(a)) were fabricated into 
a photovoltaic device of the configuration ITO/poly(3,4-
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ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, 40 nm)/RGO-PCTF(50 
nm)/LiF(1 nm)/Al (100 nm), with the device structure shown in Figure 2.2(b). Under 
illumination of 100 mW cm-2 (AM 1.5G), this photovoltaic device showed a power conversion 
efficiency (η) of 0.01%, an open-circuit voltage (Voc) of 1.28 V, a short-circuit current density 
(Jsc) of 0.018 mA cm-2 and a fill factor (FF) of 0.22. The photovoltaic performance of this device 
can be further improved by the incorporation of [70]PCBM ([6,6]-phenyl C71 butyric acid methyl 
ester), which increases optical absorption in the visible region and leads to improved light-
harvesting in the organic photovoltaic (Wienk et al., 2003). As a result, the as-fabricated 
photovoltaic device with RGO-PCTF and [70]PCBM (1:3 w/w) as the active material exhibits a 
Jsc of 4.68 mA cm-2, FF of 0.32, Voc of 0.96 V and η of 1.45% (Figure 2.2(c)). The significant 
enhancement in photocurrent of the RGO-PCTF-based devices with the addition of [70]PCBM is 




Figure 2.2. (a) Molecular structure of RGO-PCFT hybrid; (b) The photovoltaic device structure 
of ITO/PEDOT:PSS/active layer/LiF/Al; and (c) Current density-voltage characteristics (J-V) of 
the RGO-PCTF-based photovoltaic device in the absence and presence of PCBM under a 
simulated 100 mW cm-2 (AM 1.5G) illumination. (Pan et al. 2012. Graphene-based functional 
materials for organic solar cells. Opt Mater Express 6:814-24.) 
 
It is anticipated that the conjugated rod-like backbone will attach to the basal plane of graphene 
nanosheets via the strong π-π stacking interaction. The π-π stacking interaction is non-covalent in 
nature. It is effective and mild and does not destroy the electronic structure of graphene 
nanosheets (Lee et al., 2009). In addition, the modular structure of conjugated polymers is 
attractive in the rational design of coil-like side chains (either ionic or non-ionic), which can 
render graphene nanosheets with desirable dispersibility in various solvents.  
 
Functionalization of RGO nanosheets with conjugated polyelectrolyte (PFVSO3) to produce a 
water-soluble hybrid has been reported (Qi et al., 2010). The backbones of PFVSO3 can stack 
onto the basal plane of RGO nanosheets via π-π stacking interaction, while the charged 
hydrophilic side chains of PFVSO3 prevent the RGO nanosheets from aggregating via 
electrostatic and steric repulsions. Stable dispersions of RGO-PFVSO3 in polar solvents, such as 
water, methanol, ethanol, DMF and DMSO, are obtained. The dispersibility limits of RGO-
PFVSO3 hybrid in water, methanol, ethanol, DMF, and DMSO were determined to be about 
2.08, 2.34, 1.87, 2.50, and 2.40 mg mL-1, respectively. In the subsequent work, Yang et al. (Yang 
et al., 2010) prepared supramolecular RGO nanosheets functionalized with conjugated poly(2,5-
bis(3-sulfonatopropoxy)-1,4-ethynylphenylene-alt-1,4-ethynylphenylene) (PPE-SO3) 
polyelectrolyte via π-π stacking interaction. The obtained RGO-PPE-SO3 hybrid exhibited high 
conductivity and stability even after 8 months of storage in solution. Xu et al. (Xu et al., 2012) 
used the pendant quaternary ammonium groups in conjugated polyelectrolyte (Pac) to non-
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covalently functionalize GO nanosheets. Since Pac is positively-charged owing to the presence 
of quaternary ammonium groups and GO nanosheet is negatively-charged due to the presence of 
carboxylic acid groups, the interaction between Pac and GO nanosheet can lead to a combination 
of π-π stacking interaction and electrostatic attraction. After reduction of GO-Pac hybrid by 
hydrazine hydrate, the obtained RGO-Pac hybrid displayed a prominent optical limiting 
response, which could potentially be used in photonic or optoelectronic devices to protect human 
eyes or optical sensors from damage by intense laser irradiation. At the same on-focus intensity 
of 300 µJ, the transmittances of RGO-Pac hybrid, Pac and GO sheet decrease to 31%, 81.2%, 
and 73.85%, respectively. Only the RGO-Pac hybrid displays a significant reduction in 
transmission. The transmission of RGO-Pac hybrid decreases further with the increase in input 
intensity. 
 
By introducing long alkyl side chains into the conjugated polymers, the dispersibility and 
processability of their graphene hybrids are effectively improved. Poly[(m-phenylene vinylene)-
alt-(p-phenylenevinylene)] (PmPV) (Nduwimana and Wang, 2009), poly(9,9-dioctylfluorene-alt-
thiophene) (PDOFT) (Liu et al., 2010) and poly(fluorene-alt-phenylene) (PFEP) (Castelain et al., 
2011) with long alkyl side chains were synthesized and successfully conjugated with graphene 
nanosheets via π-π stacking interaction. Castelaín et al. (Castelain et al., 2011) have also 
compared the influence of additional pendant anthraquinone (ANT) in long alkyl chain-
containing PFEP on the π-π stacking interaction with graphene nanosheets. An effective π-π 
stacking interaction between ANT and graphene nanosheets was observed and gave rise to 
orderly packed structures of polymers on graphene nanosheet. The π-π stacking interaction 
between ANT and graphene nanosheets further caused significant photoluminescence (PL) 
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quenching of PFEP. Besides long alkyl side chains, a conjugated block copolymer, polystyrene-
block-polyparaphenylene (PS-b-PPP) (Velusamy et al., 2012), can also enhance the dispersibility 
of RGO nanosheets. The PPP blocks strongly adhere to the basal plane of RGO nanosheets via π-
π stacking interaction, while the PS blocks provide good solubility in organic solvents. The 
resulting PS-b-PPP modified RGO nanosheets (RGO-PS-b-PPP) showed excellent dispersibility 
in a variety of non-polar solvents. In particular, RGO nanosheets with dispersity as high as 1.5 
mg mL-1 was achieved in THF. 
    
Other methods, including esterification, ‘Click’ chemistry, nitrene addition, nitrogen-based 
nucleophiles, van der Waals interaction, surface-initiated Bergman cyclization and surface-
initiated Suzuki coupling reaction (Lee et al., 2013, Liu et al., 2010, Xu et al., 2011, Xu et al., 
2012, Yun et al., 2011, Ma et al., 2012, Gao et al., 2013, Midya et al., 2010), have also been used 
to prepare graphene-conjugated polymer nanocomposites. 
 
 
2.2 Graphene-saturated polymer nanocomposites 
The major strategies used to attach saturated polymers to graphene nanosheets can be 
categorized into non-covalent and covalent approaches. The former approach involves 
functionalization of graphene nanosheets via π-π stacking, host-guest and electrostatic 
interactions, whereas the latter approach involves covalent coupling of graphene nanosheets with 
saturated polymers. 
 
2.2.1 Non-covalent functionalization of graphene nanosheets with saturated polymers 
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2.2.1.1 Electrostatic interaction 
GO nanosheets is heavily oxygenated, resulting in the disruption of a significant portion of the 
sp2 electronic network and rendering the π-π stacking interaction difficult. GO nanosheets are 
usually non-covalently functionalized with charged polymers via electrostatic interactions, as the 
surface of the GO nanosheets becomes negatively-charged in an aqueous medium. RGO 
nanosheets also contain residual carboxylic acid groups, which can undergo electrostatic 
interaction with cationic polyelectrolytes to stabilize the RGO nanosheets in the aqueous 
solution. GO and RGO nanosheets can be non-covalently functionalized with cationic 
polyelectrolytes, such as poly(diallyldimethylammonium chloride) (PDDA), poly(allylamine 
hydrochloride) (PAH), poly-L-lysine (PLL), poly(ethylenimine) (PEI), quaternized poly(4-
vinylpyridine)-co-polycyanoazobenzene (P4VP-co-PCN), PDDA-decorated silver nanoparticles 
(Ag NPs) and MnO2-carbon nanotube (CNT) composites, PS-block-poly(4-vinylpyridine) (PS-b-
P4VP) block copolymer micelles (BCMs) and cationic poly(methyl methacrylate) (PMMA) 
particles (Yang et al., 2012, Fang et al., 2010, Bai et al., 2011, Liu et al., 2013, Kong et al., 2009, 
Some et al., 2012, Wang et al., 2013, Lv et al., 2013, Dong et al., 2011, Wang and Wang, 2011, 
Zhou et al., 2013, Lei et al., 2012, Hong et al., 2011, Pham et al., 2012, Yang et al., 2012). 
 
The electrostatic interaction between GO/RGO nanosheets and cationic polymeric materials is 
used mainly for self-assembly of ultrathin film systems (Yang et al., 2012, Kong et al., 2009, 
Zhou et al., 2013, Hong et al., 2011, Wang and Wang, 2011). These multilayer films with 
controllable thickness and order are suitable for the fabrication of ultrathin electronics, 
optoelectronics, charge storage devices and sensors (Tang et al., 2011). Yang et al. (Yang et al., 
2012) prepared ultrathin composite films from GO nanosheets and PDDA on quartz substrates 
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via the layer-by-layer (LBL) electrostatic self-assembly technique. The ultrathin films from 5 
and 10 assembly cycles exhibited transmittances of 74 and 49%, respectively, at the wavelength 
of 500 nm. The optical and electrical properties of the ultrathin film from 5 assembly cycles can 
be further improved by incorporation of Ag particles. The transmittance at 500 nm was increased 
to 82%, while the surface resistance was decreased from 430 to 95 kΩ/□. Hong et al. (Hong et 
al., 2011) also prepared multilayer films using RGO nanosheets and PS-b-P4VP BCMs in LBL 
electrostatic self-assembly. Figure 2.3(a) shows the assembly process of cationic 3D PS-b-P4VP 
BCMs and negatively-charged 2D RGO nanosheets on glass substrate. The films became 
intensely yellowish after deposition of 22 bilayers, due to the presence of encapsulated coumarin 
dyes in the cationic 3D PS-b-P4VP BCMs (Figure 2.3(b)). The UV-visible absorbance intensity 
of the film at 254 nm, originated from the pyridine groups, increases with the increase in bilayer 
number (Figure 2.3(c)). A linear relationship between the absorbance intensity of (PS-b-
P4VP/RGO)n at 254 nm and bilayer number was also observed (Figure 2.3 (d)). 
 
Figure 2.3. (a) Schematic representation of LBL electrostatic assembly of RGO nanosheets and 
PS-b-P4VP BCMs; (b) Photograph images of (PS-b-P4VP/RGO)n multilayer films; (c) 
UV−visible spectra of (PS-b-P4VP/RGO)n with the increase in the bilayer number; (d) The 
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linear relationship between the absorbance intensities of (PS-b-P4VP/RGO)n at 254 nm and 
bilayer numbers. (Hong, et al. 2011. Nanoassembly of Block Copolymer Micelle and Graphene 
Oxide to Multilayer Coatings. Ind Eng Chem Res 50:3095-99.) 
       
The electrostatic interaction between GO/RGO nanosheets and cationic polyelectrolytes is also 
used to promote the assembly of inorganic nanomaterials and biomolecules onto the GO/RGO 
nanosheets (Lei et al., 2012, Liu et al., 2013, Fang et al., 2010, Wang et al., 2013, Lv et al., 
2013). Wang et al. (Wang et al., 2013) proposed a simple approach to the assembly of PLL onto 
RGO nanosheets via electrostatic interaction to form a stable and biocompatible hybrid in an 
aqueous solution. Negatively-charged hemoglobin (Hb) can be easily immobilized on the hybrid, 
via electrostatic interaction with the positively-charged lysine side chains of PLL on the RGO 
nanosheets, to produce the biocompatible RGO-PLL-Hb hybrid. The RGO-PLL-Hb hybrid-
based enzymatic electrochemical biosensor exhibited excellent catalytic activity towards H2O2 
reduction. With a detection limit of 0.1 µM, its electrochemical response was linear dependent 
on H2O2 concentration in the concentration range between 10 µM and 80 µM. Fang et al. (Fang 
et al., 2010) functionalized the RGO nanosheets with PDDA via electrostatic interaction. The 
PDDA-decorated RGO nanosheets can be used to attract the negatively-charged and citrate-
capped gold (Au) NPs. The obtained GO-PDDA/Au NPs were employed to enhance 
electrochemical sensing of H2O2, as they exhibited wider linear ranges and lower detection limits 
than most enzyme-based and CNTs-based H2O2 sensors. Lei et al. (Lei et al., 2012) used PDDA 
to decorate MnO2-CNT composites. The PDDA-coated MnO2-CNT composites could attach 
onto the surface of negatively-charged RGO nanosheets via electrostatic interaction (Figure 
2.4(a)). The resulting MnO2-CNT-RGO hybrid-based electrode with 37 wt% of RGO exhibited a 
maximum specific capacitance of 193 F g-1 (Figure 2.4(b)), which is almost 3-fold higher than 
that of the CNT-RGO composite and 2-fold higher than that of the MnO2-RGO composite. 
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Moreover, the MnO2-CNT-RGO hybrid-based electrode showed an excellent rate performance 
and a superior Coulombic efficiency (94 - 96%) after 1300 cycles of consecutive galvanostatic 
charge-discharge (Figure 2.4(c)). 
 
Figure 2.4. (a) Schematic illustration of the synthetic procedures for MnO2-CNT-RGO hybrid; 
(b) Variation of specific capacitance and surface area of MnO2-CNT-RGO hybrid-based 
electrode with the mass percentage of RGO in MnO2-CNT-RGO hybrid; and (c) cycle 
performance and coulombic efficiency of MnO2-CNT-RGO hybrid-based electrode with 37 wt% 
of RGO measured at current density of 2.0 A g-1. The inset of (c) shows the last 10 cycles of 
galvanostatic charge-discharge. (Lei, et al. 2012. Incorporation of MnO2-Coated Carbon 
Nanotubes between Graphene Sheets as Supercapacitor Electrode. ACS Appl Mater Interfaces 
4:1058-64.) 
 
Since PLL has a broad spectrum antibacterial and bactericidal abilities, the GO/RGO-PLL 
hybrids were studied for their antibacterial activity against Escherichia coli (E. coli), as well as 
cytotoxicity towards human adipose-derived stem cells (hAdSCs) and non-small-cell lung 
carcinoma (NSCLC) A549 cells (Some et al., 2012). The electrostatic interaction between 
GO/RGO nanosheets and PLL was enhanced by the introduction of carboxylic acid groups on 
their surfaces from 4-carboxy benzene diazonium salt (DS). While GO-DS-PLL hybrid exhibited 
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antibacterial activity, GO-PLL, GO-DS-PLL and RGO-DS-PLL hybrids were also shown to 
enhance cell growth by acting as scaffolds for cell surface attachment and proliferation. 
 
Bai et al. (Bai et al., 2011) studied the effect of electrostatic interaction on GO gelation and 
chose PDDA as a model cross-linking agent. In this case, electrostatic interaction between the 
quaternary ammonium groups of PDDA and the carboxylic acid groups of GO nanosheets is the 
dominating driving force for GO gelation. The critical gelation concentration (CGC) of PDDA 
for 5 mg mL-1 of GO nanosheets was found to be 0.1 mg mL-1. This value was much lower than 
those of poly(vinylpyrrolidone) (PVP, 0.5 mg mL-1), poly(ethylene oxide) (PEO, 1 mg mL-1) and 
hydroxypropylcellulose (HPC, 1 mg mL-1). Thus, electrostatic interaction is more effective than 
hydrogen bonding for GO gelation. 
 
2.2.1.2 π-π Stacking interaction 
Saturated polymers do not contain alternating saturated and unsaturated bonds along the 
backbone. In order for the saturated polymers to be adsorbed onto graphene nanosheets via π-π 
stacking interaction, they need to either possess or be chemically modified with sp2-hybridized 
segments. PS segments in poly(styrene-co-butadiene-co-styrene) (SBS) (Liu et al., 2011), 
aromatic rings of PSS (Wang et al., 2009) and imidazolium groups of imidazolium ionic liquids 
(Imi-ILs) (Yang et al., 2012) were attached onto the graphene nanosheets via π-π stacking 
interaction to form the graphene-saturated polymer nanocomposites. However, saturated 
polymers without the sp2-hybridized segments were usually modified with conjugated structures, 
such as pyrene, perylene bisimide (PBI), fluorescein and oligo(p-phenylene-ethynylene) (OPE) 
at the ends, centers or side chains (Lee et al., 2011, Zheng et al., 2012, Liu et al., 2010, Teng et 
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al., 2011, Liu et al., 2010, Kozhemyakina et al., 2010, Xu et al., 2011, Salavagione et al., 2011, 
Liu et al., 2013, Qi et al., 2010), to provide the anchorages. 
 
2.2.1.3 Host-guest interaction 
Cyclodextrin (CD) is a cyclic oligomer of seven D-(+)-glucopyranose units with a hydrophobic 
cavity (Harada and Hashidzume, 2010, Chen and Jiang, 2011). The hydrophobic cavity of CD is 
of great significance in supramolecular chemistry because it can selectively bind ‘guest’ 
molecules via non-covalent interaction to form inclusion complexes (Chen and Jiang, 2011, 
Harada and Hashidzume, 2010). By covalent functionalization of graphene nanosheets with CD, 
not only are the graphene nanosheets imparted with dispersibility and stability in aqueous media, 
they also exhibit supramolecular recognition capabilities of the CD.  
 
Liu et al. (Liu et al., 2011) synthesized CD-modified RGO nanosheets via amine-epoxy reaction 
between GO nanosheets and ethylenediamino-β-CD (EDA-CD). The azobenzene-terminated 
poly-(N,N-dimethylacrylamide)-b-poly(N-isopropylacrylamide) (AZO-PDMA-b-PNIPAM) 
block copolymers were subsequently coupled to the RGO nanosheets via host-guest inclusion 
complexation. Due to large and flexible 2D structure of graphene nanosheets, the resulting RGO-
CD/AZO-PDMA-b-PNIPAM hybrid turned into supramolecular polymeric hydrogels upon 
heating. 
 
2.2.2 Covalent functionalization of graphene nanosheets with saturated polymers 
In general, the major strategies used to attach saturated polymers covalently to GO nanosheets 
can be categorized into ‘grafting-from’ and ‘grafting-to’ approaches. The availability of oxygen 
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functionalities on GO nanosheets allows the surface modification of graphene using well 
established organic chemistry reaction. The carboxylic acid groups are the most utilized 
functionality for the covalent immobilization of saturated polymers on GO nanosheets via 
esterification and amidation. The carboxyl groups can be readily converted to other 
functionalities, such as alkynyl, amine, hydroxyl and reactive pentafluorophenyl ester groups, for 
further covalent coupling of saturated polymers. The epoxy groups are also attractive attachment 
sites for amine-containing saturated polymers. These methods involve coupling of GO 
nanosheets with saturated polymers via simple chemical reactions known as the ‘grafting-to’ 
approach. On the other hand, the oxygen functionalities of GO nanosheets allow the growth of 
saturated polymers in a ‘grafting-from’ process (Salavagione et al., 2011). The oxygen 
functionalities can be transformed into either atom transfer radical polymerization (ATRP) 
initiators to initiate the ATRP or chain transfer agents to mediate the reversible addition-
fragmentation chain transfer (RAFT) polymerization. RGO and graphene nanosheets from 
exfoliation of graphite flakes can also be functionalized with binding sites for both ‘grafting-
from’ and ‘grafting-to’ approaches via diazonium addition, Diels-Alder addition, nitrene addition 
and radical coupling (Ren et al., 2012, He and Gao, 2010, Yuan et al., 2012, Hsiao et al., 2010). 
 
2.2.2.1 ‘Grafting-from’ methods 
‘Grafting-from’ methods are highly appealing as they provide a high degree of control over the 
architecture of GO-saturated polymer hybrids and allow the fine-tuning of the hybrids’ 
properties. The degree of polymerization from graphene nanosheets can be controlled by the 
concentration of initiator sites. As the initiator sites are already anchored on the graphene 
nanosheets prior to polymerization, the addition of monomers are sterically less hindered in 
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comparison to the ‘grafting-to’ methods. Chain growth polymerizations, including ATRP, RAFT 
polymerization, ring-opening polymerization (ROP), Ziegler-Natta polymerization, free radical 
polymerization and single-electron transfer living radical polymerization (SET-LRP), and step 




ATRP is the most widely used controlled radical polymerization technique among the ‘grafting-
from’ strategies as it is a simple and powerful method that can grow well-defined polymer 
brushes on surfaces. ATRP is also a versatile method in terms of its compatibility with a large 
assortment of monomers and functional groups (Xu et al., 2009). The ATRP process uses an 
alkyl halide as the initiator, and a metal in its lower oxidation state with complexing ligands. The 
process involves the successive transfer of the halide from the dormant polymer chain to the 
ligated metal complex, thus establishing a dynamic equilibrium between active and dormant 
species (Figure 2.5). 
 
Figure 2.5. Mechanism of ATRP. (Carlmark, et al. 2003. ATRP grafting from cellulose fibers to 
create block-copolymer grafts. Biomacromolecules 4:1740-45.) 
 
A number of reports appeared very recently describing the use of ATRP to functionalize 
graphene nanosheets with saturated polymer chains, including PMMA, PS, PNIPAM, poly(tert-
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butyl acrylate) (PtBA), poly(methacrylamide) (PMAAM) and poly(4-divinylbenzene) (PDVB) 
mixture, poly(butyl acrylate) (PBA), poly(dimethylaminoethyl methacrylate) (PDMAEMA), PSS 
and poly(hydroethyl acrylate) (PHEA) (Ou et al., 2012, Goncalves et al., 2010, Layek et al., 
2010, Ren et al., 2011, Lee et al., 2010, Fang et al., 2010, Ren et al., 2011, Lee et al., 2010, Fang 
et al., 2009, Ren et al., 2012, Zhu et al., 2012, Li et al., 2010, Bak and Lee, 2012, Chang et al., 
2011, Lee et al., 2010, Bak et al., 2012, Kavitha et al., 2013, Gao et al., 2013, Yang et al., 2009, 
Sun et al., 2013, Ji et al., 2013).  
 
Prior to surface-initiated ATRP, the ATRP initiator sites have to be introduced onto graphene 
nanosheets. For GO nanosheets, they were mainly introduced via chemical modification of the 
carboxylic acid groups. The carboxylic acid groups of GO nanosheets can be converted to acyl 
chloride groups (Goncalves et al., 2010, Ren et al., 2011) or activated by N-hydroxy succinimide 
(NHS) (Kavitha et al., 2013, Sun et al., 2013, Yang et al., 2009), which upon treatment with 
ethylene glycol, 1,3-propane diamine or ethylene diamine can produce GO nanosheets rich in 
hydroxyl or amino groups. The ATRP initiators are then coupled to the OH- or amino-rich GO 
nanosheets via esterification with α-bromoisobutyryl bromide to allow the surface-initiated 
polymerization. The acyl chloride groups of GO nanosheets can also under esterification with the 
hydroxyl-containing ATRP initiator, 2-hydroxylethyl-2’-bromoisobutyrate (HEBrIB) (Chang et 
al., 2011, Ji et al., 2013). The hydroxyl groups of GO nanosheets can be converted to ATRP 
initiator sites via esterification with α-bromoisobutyryl bromide (Lee et al., 2010, Zhu et al., 
2012, Layek et al., 2010) or silanization with trichloro(4-chloromethylphenyl)silane (Li et al., 
2010). The basal plane of GO nanosheets has also been utilized to attach the pyrene-containing 




Yang et al. (Yang et al., 2009) coupled 1,3-propane diamine to the carboxylic acid groups of GO 
nanosheets, followed by amidation with α-bromoisobutyryl bromide. The ATRP initiator sites on 
GO nanosheets were then utilized to initiate the polymerization of DMAEMA, using N,N,N,N,N-
pentamethyldiethylenetriamine (PMDETA) and CuBr as the catalyst system, in the presence of a 
sacrificial ATRP initiator (Figure 2.6). Because the free polymers initiated by the sacrificial 
initiators in solution have almost the same molecular weights and polydispersibility index (PDI) 
as those grafted from the solid substrates (Xu et al., 2009), the number-average molecular weight 
(Mn) and PDI of PDMAEMA grafted from the GO nanosheets were determined by gel 
permeation chromatography (GPC) to be 27,000 g mol-1 and 1.72, respectively. The resulting 
GO-PDMAEMA hybrid exhibited good solubility in acidic aqueous solutions (pH = 1), as well 
as in methanol. Since the GO-PDMAEMA hybrid is positively-charged, it may interact with 
negatively-charged 3D nanomaterials to form 2D-3D composites. Poly(ethylene glycol 
dimethacrylate-co-methacrylic acid) (poly(EGDMA-co-MAA)) particles with carboxylic acid 





Figure 2.6. Grafting of PDMAEMA Chains on GO Nanosheets via surface-initated ATRP and 
Decoration of GO-PDMAEMA hybrid by polymer particles via electrostatic interaction. (Yang, 
et al. 2009. Exfoliated Graphite Oxide Decorated by PDMAEMA Chains and Polymer Particles. 
Langmuir 25:11808-14.) 
 
Diazonium addition was employed to functionalize single-walled CNTs and to enhance the 
dispersion of CNTs in organic solvents (Lomeda et al., 2008). In a similar approach, the oxygen 
deficient RGO nanosheets can be functionalized with hydroxyl groups via the diazonium 
addition (Ren et al., 2012, Bak and Lee, 2012, Fang et al., 2009, Bak et al., 2012, Fang et al., 
2010, Wang et al., 2011, Fang et al., 2012), where the RGO nanosheets react with isopentyl 
nitrite and hydroxyl-containing aniline. The OH-rich RGO nanosheets can be further esterified 
by α-bromoisobutyryl bromide or α-bromopropionyl bromide to introduce the ATRP initiator 
sites. Diazonium addition involves direct functionalization of sp2 carbons of RGO nanosheets, 
which enables high loading of ATRP initiator sites onto the nanosheet surface (Fang et al., 
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2009). The amount of bonded initiator sites can be modulated by the concentration of diazonium 
salt during the coupling reaction (Bak and Lee, 2012). The RGO nanosheets can also be 
modified with hydroxyl groups via 1,3-dipolar cycloaddition reaction of azomethine ylides in the 
presence of sarcosine and 3,4-dihydroxybenzaldehyde. The OH-rich RGO nanosheets can then 
be treated with α-bromopropionyl bromide to introduce the ATRP initiator sites (Ou et al., 2012). 
 
Ren et al. (Ren et al., 2012) functionalized RGO nanosheets with hydroxyl groups via diazonium 
addition in the presence of 4-aminophenol and isoamyl nitrite. After the reaction with α-
bromopropionyl bromide, surface-initiated ATRP of NIPAM was carried out to form the RGO-
PNIPAM hybrid (Figure 2.7(a)). The RGO-PNIPAM hybrid forms a stable suspension in water 
below the LCST (32 oC), but precipitate readily when the temperature is higher than the LCST. 
The precipitated RGO-PNIPAM hybrid can be redispersed into water when the medium is 
cooled to below the LCST. The reversible thermoresponsive behavior of RGO-PNIPAM hybrid 
is due to the C=O and N-H bonds of PNIPAM which form intramolecular hydrogen bonds above 
the LCST and intermolecular H-bonding conformation with the surrounding H2O below the 
LCST (Figure 2.7(b)). The former favors the release of H2O molecules and leads to insoluble 




Figure 2.7. (a) Schematic illustration of grafting of PNIPAM from RGO nanosheets via surface-
initiated ATRP; (b) Schematic description of the reversible temperature-responsive property of 
RGO-PNIPAM hybrid. (Ren et al. 2012. Functionalization of Graphene and Grafting of 
Temperature-Responsive Surfaces from Graphene by ATRP "on Water''. J Nanopart Res 
14:940.) 
 
2.2.2.1.2 RAFT polymerization 
RAFT polymerization is another controlled radical polymerization method that has been used to 
graft polymers from CNTs (Sakellariou et al., 2013). RAFT polymerization uses 
thiocarbonylthio compounds, such as dithioesters, thiocarbonates, and xanthates, to mediate the 
polymerization via a reversible chain-transfer process (McCormick and Lowe, 2004). As with 
ATRP, it is known for its compatibility with a wide range of monomers. The reversible chain-
transfer process is also suitable for use under a wide range of reaction conditions. The generally 
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accepted mechanism for a RAFT polymerization is shwon in Figure 2.8. The first step of 
polymerization is the initiation step, where a radical is created (step 1). The oligomeric radicals 
produced in the initiation step react with the RAFT agent (1) in a step of initialization (step 2). 
The radical intermediate (2) can fragment back to the original RAFT agent (1) and an oligomeric 
radical or fragment to yield an oligomeric RAFT agent (3) and a reinitiating R radical. Following 
initialization, polymer chains grow by adding monomer (step 3), and they rapidly exchange 
between existing growing radicals (as in the propagation step) and the thiocarbonylthio group 
capped  species (step 4). The rapid interchange in the chain transfer step ensures that the 
concentration of growing radical chains is kept lower than that of the stabilized radical 
intermediates, therefore limiting termination reactions. Although limited, termination reactions 
still occur via combination or disproportionation mechanisms (step 5). 
 
Figure 2.8. Generally accepted mechanism for a RAFT polymerization. (Boyer et al. 2009. 




As the propagation is controlled by the amount of a chain transfer agent, attachment of an 
appropriate thiocarbonylthio compounds on graphene nanosheets provides an opportunity for 
grafting saturated polymers via surface-initiated RAFT polymerization. Li et al. (Li et al., 2010) 
first reported RAFT polymerization from graphene nanosheets. The GO nanosheets were 
pretreated with thionyl chloride and reacted with bromo-containing HEBrIB. Subsequent 
nucleophilic substitution of alkyl bromide by a dithiocarboxylate salt led to the in situ formation 
of dithioesters. The dithioester-functionalized GO nanosheets were then used to mediate the 
RAFT polymerization of DVB and MAAM in the presence of 2,4-dichlorophenol (2,4-DCP, a 
model analyte) to construct GO-molecularly imprinted polymer (GO-MIP) hybrids. 
 
Zhang et al. (Zhang et al., 2011) and Etmimi et al. (Etmimi et al., 2011) used the hydroxyl 
groups of GO nanosheets to couple chain transfer agent, 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid (DDMAT), via esterification. N-Vinylcarbazole and styrene were then 
polymerized from the chain transfer agent-immobilized GO nanosheets to result in the GO-
poly(N-vinylcarbazole) (PVK) (Zhang et al., 2011) and GO-PS hybrids (Etmimi et al., 2011), 
respectively. Take GO-PS hybrid for example, the Mn of grafted PS chains, after cleavage from 
GO nanosheets under base condition, decreased with the increase in GO-based chain transfer 
agent (GO-DDMAT) to styrene weight ratio, with the highest Mn of 177,400 g mol-1 at 1 wt% of 
GO-DDMAT. The PDI of grafted PS chains also decreased with the increase in the weight ratio 
of GO-DDMAT to styrene, with the lowest PDI of 1.26 at 7 wt% of GO-DDMAT. The thermal 
stability and mechanical properties of the obtained GO-PS hybrid were better than those of the 
neat PS polymer. Furthermore, the mechanical properties were dependent on the GO content in 
the hybrid (i.e., the amount of GO-DDMAT). Figure 2.9(a) shows the storage modulus of the 
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GO-PS hybrids, prepared from GO-DDMAT to styrene weight ratios of 1, 2, 3 and 6 wt%, as a 
function of temperature. At 1 wt% of GO-DDMAT, the storage modulus of the hybrid in the 
glassy state was lower than that of the PS standard (5.7 × 107 Pa). However, samples with higher 
GO content (2, 3 and 6 wt% of GO-DDMAT) exhibited higher storage modulus than that of the 
PS standard. The loss modulus of GO-PS hybrids also increased with the increase in GO-
DDMAT to styrene weight ratio. As show in Figure 2.9(b), the loss modulus of GO-PS hybrids 
at 1, 2 and 3 wt% of GO-DDMAT was lower than that of PS standard (1.6 × 107 Pa). At 6 wt% 
of GO-DDMAT, the loss modulus was higher than that of PS standard. The enhancement in 
storage and loss modulus may be caused by the strong interaction between PS chains and GO 
nanosheets with a high aspect ratio, resulting in a decrease in the mobility of PS segment near the 
PS-GO interface. 
 
Figure 2.9. (a) Storage and (b) loss modulus of GO-PS hybrids, prepared from GO-DDMAT to 
styrene weight ratio of 1, 2, 3, and 6 wt%, as function of temperature. The insertion of (a) and 
(b) shows the respective storage and loss modulus of PS standard. (Etmimi, et al. 2011. 
Synthesis and Characterization of Polystyrene-Graphite Nanocomposites Via Surface RAFT-
Mediated Miniemulsion Polymerization. J Polym Sci Pol Chem 49:1621-32.) 
 
In the subsequent work, Jiang et al. (Jiang et al., 2012) synthesized two silane-containing chain 
transfer agents, S-methoxycarbonylphenylmethyl S’-3-(trimethoxysilyl)propyltrithioccarbonate 
(MPTT) and S-4-(trimethoxysilyl)benzyl S’-propyltrithiocarbonate (TBPT), which were 
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simultaneously immobilized onto GO nanosheets via hydroxyl-alkoxysilane coupling reaction 
(silanization) and used to mediate the RAFT polymerization of NIPAM, styrene, tBA, methyl 
acrylate (MA), DMA and N-acrylomorpholine (NAM). Thus, the GO-homopolymer hybrids 
were obtained in a one-pot process. These chain transfer agents were further used to mediate the 
RAFT polymerization of styrene in the absence of GO nanosheets. The obtained PS-based 
macro-chain transfer agents were employed to prepare the diblock copolymers-grafted GO 
nanosheets via simultaneous surface immobilization of PS chains and insertion of monomers 
(NIPAM, MA or tBA) into the grafted chains. After cleavage of the grafted chains by treatment 
with HF or a large amount of thermal initiators, both the homopolymers and diblock copolymers 
exhibited well controlled molecular weight and PDI (Figure 2.10). 
 
Figure 2.10. Synthesis of homopolymers- and diblock copolymers-grafted GO nanosheets via 
MPTT (a) and TBPT (b) mediated RAFT polymerization and hydroxyl-alkoxysilane coupling 
reaction. (Jiang, et al. 2012. One-Pot Controlled Synthesis of Homopolymers and Diblock 
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Copolymers Grafted Graphene Oxide Using Couplable Raft Agents. Macromolecules 45:1346-
55.) 
    
Several other methods have also been developed to immobilize the chain transfer agents onto 
graphene nanosheets. Yang et al. (Yang et al., 2012) and Ye et al. (Ye et al., 2012) functionalized 
RGO nanosheets with alkyne moieties via diazonium addition, followed by ‘click’ 
immobilization of azido-containing chain transfer agents. NIPAM, styrene, DMAEMA, MMA, 
4VP and MA were successfully polymerized from the chain transfer agent-functionalized RGO 
nanosheets via surface-initiated RAFT polymerization. Cui et al. (Cui et al., 2012) functionalized 
RGO nanosheets with a pyrene-containing chain transfer agent via π-π stacking interaction, 
followed by RAFT polymerization of MAA, styrene and DMAEMA. Beckert et al. (Beckert et 
al., 2012) functionalized GO, stearylamine-modified GO and RGO nanosheets with 
dithiourethane, dithioester or dithiocarbonate to mediate the RAFT polymerization of styrene. 
 
2.2.2.1.3 ROP 
ROP is a form of chain growth polymerization, in which the terminal end of a compound acts as 
a reactive center, where further cyclic monomers join to form a larger polymer chain through 
ionic propagation (Figure 2.11).  
 
Figure 2.11. The general mechanism for anionic ROP. Polarized functional group is represented 
by X-Y, where the atom X (usually a carbon atom) becomes electron deficient due to the highly 
electron-withdrawing nature of Y (usually an oxygen, nitrogen, sulfur, etc.). (Dubois, et al. 2008. 
Handbook of ring-opening polymerization. Weinheim: Wiley-VCH.) 
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The presence of carboxylic acid and hydroxyl groups on GO nanosheets can be employed as 
reactive centers to initiate the ROP of D-lactide, glycidol and ɛ-caprolactam (Sun and He, 2012, 
Pham et al., 2010, Xu and Gao, 2010), resulting in the GO-poly(D-lactide) (PDLA), GO-HPG 
and GO-nylon-6 hybrids, respectively. The residual hydroxyl groups of RGO nanosheets were 
also utilized as reactive centers to initiate the ROP of ɛ-caprolactone (ɛ-CL) and L-lactide (Thinh 
et al., 2012, Yang et al., 2012), leading to the formation of GO-poly(ɛ-caprolactone) (PCL) and 
GO-poly(L-lactide) (PLLA) hybrids, respectively. 
 
Besides the intrinsic oxygen functionalities on GO and RGO nanosheets, additional amino and 
isocyanato groups can be coupled to graphene nanosheets to increase the graft density of nylon-6 
during the ROP of ɛ-caprolactam. Treatment of GO nanosheets with 4-aminobenzoic acid in the 
presence of polyphosphoric acid (PPA) and P2O5 at 130 oC for 3 h, not only thermally reduced 
the GO nanosheets, but also introduced amino moieties via Friedel-Crafts acylation to provide 
the reactive center for ROP of caprolactam (Liu et al., 2012). The difunctional 4,4’-
methylenebis(phenyl isocyanate) coupled with the hydroxyl groups of GO nanosheets, leaving 
additional isocyanato moieties for the subsequent ROP of caprolactam (Zhang et al., 2012). By 
using a caprolactam magnesium bromide initiator in combination with a difunctional 
hexamethylene-1,6-dicarbamoylcaprolactam activator, the ROP from isocyanato-functionalized 
GO nanosheets was effectively carried out at relatively low reaction temperature (150 oC) and in 
a short reaction time (20 to 40 min). 
 
Kang et al. (Kang et al., 2011) functionalized GO nanosheets with additional hydroxyl groups 
using a norepinephrine-based polymer inspired by the robust adhesion of marine mussels. This 
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process involves pH-triggered oxidative polymerization of norepinephrine in the presence of GO 
nanosheets, with simultaneous surface coating and reduction of the GO nanosheets (Figure 
2.12). The obtained OH-rich RGO-poly(norepinephrine) hybrid can be used to initiate the ROP 
of ɛ-caprolactone. 
 
Figure 2.12. (a) Photograph of mussels attached to a solid substrate; (b) Simplified molecular 
representation of the adhesive protein; (c) The chemical structure of norepinephrine, a 
minimalized essential fraction in the adhesive protein; (d) Poly(norepinephrine) coating on the 
surface of graphene oxide. (Kang et al. 2011. Simultaneous Reduction and Surface 




2.2.2.1.4 Ziegler-Natta Polymerization 
Ziegler-Natta polymerization is an efficient and stereospecific catalytic polymerization 
procedure was developed by Karl Ziegler and Giulio Natta in the 1950’s. Their findings 
permitted, for the first time, the synthesis of unbranched, high molecular weight polyethylene 
(HDPE), laboratory synthesis of natural rubber from isoprene, and configurational control of 
polymers from terminal alkenes like propene. For this important discovery these chemists 
received the 1963 Nobel Prize in chemistry. Ziegler-Natta catalysts are prepared by reacting 
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certain transition metal halides with organometallic reagents such as alkyl aluminum, lithium and 
zinc reagents. The catalyst formed by reaction of triethylaluminum with titanium tetrachloride 
has been widely studied, but other metals (e.g. V & Zr) have also proven effective. Figure 2.13 






























































M = Al, Li, Mg, Zn...




Figure 2.13. A mechanism for Ziegler-Natta polymerization. 
   
The key to successfully implementing surface-initiated Ziegler-Natta polymerization is to 
generate isospecific polymerization active sites on the surface (Wang et al., 2012). The presence 
of oxygen functionalities in GO nanosheets facilitates the intercalation of Ziegler-Natta catalysts 
on the basal plane and edge of GO nanosheets. Huang et al. (Huang et al., 2010) treated GO 
nanosheets with a Grignard reagent C4H9MgCl in THF at 80 oC, followed by immersion in 
excessive TiCl4 at 150 oC to generate the Mg/Ti-based Ziegler-Natta catalyst on GO nanosheets. 
The GO-supported Ziegler-Natta catalyst was used in the surface-initiated polymerization of 
propylene, leading to the formation of GO-polypropylene (PP) hybrid (Figure 2.14). The as-
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synthesized GO-PP hybrid exhibited a high electrical conductivity (σc) of 0.3 S m-1 at the GO-
supported Ziegler-Natta catalyst to propylene weight ratio of 4.9 wt%. It should be noted that the 
σc (9.33 × 10-4 S m-1) of GO-PP hybrid-based film with 1.52 wt% GO-supported Ziegler-Natta 
catalyst has already satisfied the antistatic criterion (10-6 S m-1). Excessive Grignard reagent 
C4H9MgCl treatment of GO nanosheets can spontaneously reduce GO nanosheets and 
immobilize Ziegler-Natta catalyst onto their surfaces (Huang et al., 2012). The obtained GO-PP 
hybrid exhibited a higher σc of 28.5 S m-1 at the GO-supported Ziegler-Natta catalyst to 
propylene weight ratio of 4.0 wt% (volume ratio of 4.1 vol%). 
 
Figure 2.14. Fabrication of GO-PP hybrid via in situ Ziegler-Natta polymerization. (Huang, et 
al. 2010. Polypropylene/Graphene Oxide Nanocomposites Prepared by in Situ Ziegler-Natta 
Polymerization. Chem Mater 22:4096-102.) 
 
2.2.2.1.5 Other polymerizations 
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Other polymerizations apart from ATRP, RAFT polymerization, ROP and Ziegler-Natta 
polymerization,  including free radical polymerization, SET-LRP and step growth 
polymerization were also been investigated. 
 
Free radical polymerization from graphene nanosheets focuses mainly on three strategies: i) 
introduction of vinyl groups onto GO nanosheets via esterification, epoxy-amine reaction or 
silanization (Mohamadi et al., 2011, Pramoda et al., 2010, Tan et al., 2013, Huang et al., 2011, 
Lo et al., 2011); ii) generation of radicals on graphene nanosheets via microwave, UV or γ-ray 
irradiation and Ce4+-hydroxyl redox pair (Wang et al., 2011, Aldosari et al., 2013, Park et al., 
2012, Zhang et al., 2012, Ma et al., 2013, Seifert et al., 2013, Chen et al., 2012); and iii) 
utilization of active double bonds of graphene nanosheets (Qi et al., 2012, Yin et al., 2012, Wu et 
al., 2012, Kan et al., 2011, Feng et al., 2012, Dong et al., 2013, Steenackers et al., 2011, Wu and 
Liu, 2010). 
 
SET-LRP has shown distinct advantages, including low polymerization temperature (room 
temperature and below), small amount of catalyst, ultrafast polymerization and high molecular 
weight with low PDI, over other controlled radical polymerizations (ATRP and RAFT 
polymerization) after its emergence in 2006 (Percec et al., 2006). SET-LRP has been included as 
counterpoint to ATRP, and in that it uses highly active catalysts. Figure 2.15 shows the proposed 
mechanism of SET-LRP. SET-LRP proceeds by a heterogeneous SET mechanism in which the 
electron-donor Cu(0) activates the electro-acceptor alkyl halide initiator and dormant 






Figure 2.15. Proposed mechanism of SET-LRP. (Levere, et al. 2013. Visualization of the crucial 
step in SET-LRP. Polym Chem 4:1635-47.) 
 
SET-LRP is emerging as a valuable technique for the preparation of GO-polymer 
nanocomposites.  Since the structure of SET-LRP initiator is similar to that of the ATRP 
initiator, the previous approaches used for the immobilization of ATRP initiator sites on 
graphene nanosheets can also be employed. Chen et al. (Chen et al., 2011) functionalized RGO 
nanosheets with hydroxyl groups via diazonium addition, followed by introduction of initiator 
sites via esterification with α-bromopropionyl bromide for surface-initiated SET-LRP of tBA. 
Deng et al. (Deng et al., 2011, Deng et al., 2012) introduced hydroxyl groups onto GO 
nanosheets via ring-opening reaction of epoxy moieties with tris(hydroxymethyl) aminomethane. 
The introduced, as well as the existing hydroxyl groups on GO nanosheets, were esterified with 
α-bromoisobutyryl bromide to introduce the initiator sites for the surface-initiated SET-LRP of 
NIPAM (Deng et al., 2012) and poly(ethylene glycol) ethyl ether methacrylate (PEGMEMA, Mn 




All the polymerization methods present above belong to chain growth polymerization, in which 
propagation occurs by addition of monomers only at chain end(s). However, step growth 
polymerization refers to a type of polymerization mechanism in which bi-functional or 
multifunctional monomers react to form first dimers, oligomers and eventually long chain 
polymers. Polyesters (Wang et al., 2012, Liu et al., 2011), poly(amic acid) (Wang et al., 2011, 
Liao et al., 2013, Yoonessi et al., 2012), polyurethanes (Kim et al., 2010, Wang et al., 2011, 
Yadav and Cho, 2013), poly(ether-ketone) (PEK) (Jeon et al., 2011, Choi et al., 2010) and 
poly(arylene ether sulfone) (Lee et al., 2012) have been successfully grafted from graphene 
nanosheets via step growth polymerization. 
 
2.2.2.2 ‘Grafting-to’ methods 
In these methods, graphene nanosheets are adequately modified with functional groups which 
can react with pre-synthesized polymers via covalent interaction. The ‘grafting-to’ methods are 
fundamentally simple and highly versatile, because of the presence of abundant oxygen 
functionalities on graphene nanosheets and the feasible immobilization of anchoring sites onto 
graphene nanosheets. What’s more, pre-synthesized saturated polymers could be thoroughly 
characterized via various chemical and physical methods, providing good control of the 
molecular weight, PDI and functionalities. Although the ‘grafting-to’ methods have well-known 
drawbacks of low grafting density, rates and efficiency due to the steric factors, they have been 
widely utilized to graft saturated polymers onto graphene nanosheets.  
 
   Table 2.2 listed the types of reaction and saturated polymers that were used to functionalize 
graphene nanosheets via the ‘grafting-to’ methods. The oxygen functionalities on graphene 
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nanosheets brought a tremendous degree of flexibility to the choice of various chemical reactions 
suitable for the ‘grafting-to’ methods.  
 




Saturated polymers Types of 
reaction 







amidation enhanced mechanical 
and oxygen barrier 
properties 
gas barrier films 
and anticorrosion 
materials 


















amidation improved wettability 
and mechanical 
interlocking 













PEI amidation high nucleic acids 
transfection 
efficiency 






amidation high physiological 
solubility and 
stability in circulation 
and excellent drug 
loading efficiency 
photodynamic 
therapy and gene 
therapy 













PEG amidation superior in vivo 
safety 




ovalbumin amidation retained OVA 
bioactivity 




HPG amidation improved 
biocompatibility 




lysozyme amidation high biocidal 
efficiency 




chitosan amidation superior loading 
capacity for 
anticancer drug and 
DNA 




chitosan amidation effective dispersion 
of multiwalled CNTs 






chitosan amidation high Pb2+ adsorption 
capacity 

















bovine serum albumin 
(BSA) 
amidation retained BSA 
bioactivity 

















PVP esterification humidity-responsive 
electrical 
conductivity 






















PCL esterification increased Young’s 
modulus, tensile 
strength and electrical 
conductivity 




polysebacic anhydride esterification excellent drug 
loading efficiency 
and long drug release 
duration 







click improved mechanical 
properties and 
thermal stability 





PNIPAM click effective 
vehicle for anticancer 
drug delivery 









click improved mechanical 
properties of liquid 
crystalline PMPCS 




PEG and PS click improved 
dispersibility in 
organic solvents 





PCL click improved mechanical 
properties, 
thermal stability, and 




































excellent stability in 
aqueous medium 










polymer matrix and 
mechanical 
properties, and 
exhibited a low 
percolation threshold 












POA radical coupling improved thermal 
stability 




PVA radical coupling increased Young’s 
modulus and tensile 
strength 




PMMA radical coupling excellent electrical 
conductivity 





PNIPAM ATNRC thermo-responsive 
property 






















PEG, PCL and PS nitrene addition improved 
dispersibility in 
organic solvents 
tbd (He and 
Gao, 2010) 
*tbd: to be determined 
 
Examples reported in the literatures have included the utilization of reactions between epoxy and 
amino groups, carboxylic acid and hydroxyl groups, hydroxyl and silane groups, and carboxylic 
acid and amino groups. For instance, amino-containing POA was reacted with epoxy groups on 
45 
 
GO nanosheets in a ring-opening process to form the GO-POA hybrid (Hsiao et al., 2010, Zaman 
et al., 2012). The hydroxyl groups of PVA esterify with the carboxylic acid groups on GO 
nanosheets to produce the GO-PVA hybrid (Salavagione et al., 2009, Wang et al., 2012). PEI 
with amino groups conjugates with GO nanosheets via amidation between the amino groups and 
the carboxylic acid groups on GO nanosheets (Zhou et al., 2012). The hydroxyl groups on GO 
nanosheets can be used as an anchoring sites for the covalent bonding of carboxylic acid-
containing PVP and silane-containing PEG-based triblock copolymers via esterification (Zhang 
et al., 2010) and silanization (Zhang et al., 2011), respectively.  
 
The presence of double bonds on graphene nanosheets enables a series of addition reactions on 
their surface, such as radical coupling addition, nitrene addition and Diels-Alder addition. Shen 
et al. (Shen et al., 2012) prepared GO-PVA hybrid by ultrasonication of graphene nanosheets in a 
PVA aqueous solution. The ultrasonic treatment induces the degradation of PVA, leading to the 
breakage of macromolecular C-C bonds and the formation of long chains radicals. The PVA 
macromolecular radicals react with graphene nanosheets via radical coupling addition. He and 
Gao (He and Gao, 2010) functionalized GO nanosheets with azido-containing saturated polymers 
via nitrene chemistry. Azido moieties of the polymers decomposed under thermolysis condition 
to exclude molecular nitrogen to result in the highly reactive nitrenes. The nitrenes can react with 
hydrocarbons by abstraction of hydrogen and addition to C=C double bonds of GO nanosheets to 
form aziridine rings. Yuan et al. (Yuan et al., 2012) synthesized the cyclopentadienyl-capped 
PEG, which can react with the double bonds on RGO nanosheets to form [4+2] cycloaddition 




Besides the intrinsic functional groups on graphene nanosheets, amino, isocyanato and nitroxide 
groups can be introduced onto their surfaces for grafting of saturated polymers via amidation, 
amidation and atom transfer nitroxide radical coupling (ATNRC), respectively. The reaction of 
4-aminobenzylamine with carboxylic acid and epoxy groups via amidation and epoxy-amine 
reaction, respectively, introduces amino moieties onto GO nanosheets. The amino-functionalized 
GO nanosheets could react with polynorbornene dicarboxylic anhydride via the formation of 
imide bonds (Lee et al., 2012). The treatment of GO nanosheets with toluene-2,4-diisocyanate 
(TDI) can lead to the derivatization of both carboxylic acid and hydroxyl groups by formation of 
amides and carbamate esters, respectively. The isocyanoto groups on GO nanosheets can further 
react with carboxylic acid-terminated PVK via amidation (Liu et al., 2009, Zhang et al., 2010). A 
radical scavenger species, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) was anchored onto 
carboxylic acid groups of GO nanosheets to afford nitroxide moieties-functionalized GO 
nanosheets, which can react with pre-synthesized bromo-terminated PNIPAM via ATNRC 
(Deng et al., 2011). 
 
Alkynyl and azido moieties have also been introduced onto graphene nanosheets for ‘clicking’ 
with the pre-synthesized azido- and alkynyl-functionalized polymers via Cu(I)-catalyzed azide-
alkyne cycloaddition (CuAAC). Pan et al. (Pan et al., 2011) functionalized GO nanosheets with 
alkynyl moieties via amidation of propargylamine. An azido-terminated PNIPAM was 
synthesized by ATRP, followed by substitution the chloro-end groups with azido moieties. The 
PNIPAM chains were subsequently grafted to the alkynyl-functionalized GO nanosheets via 
‘Click’ chemistry (Figure 2.16). The GO-PNIPAM hybrid exhibited high dispersibility and 
stability in aqueous and organic solvents. Due to the conjugated structure of GO basal plane, 
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GO-PNIPAM hybrid can attach and adsorb water insoluble drugs, camptothecin, via non-
covalent van der Waals and π-π stacking interaction. The 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) assay indicated that camptothecin-loaded GO-PNIPAM 
hybrid afforded a high potency of killing cancer cells in vitro. 
 
Figure 2.16. Synthesis route for the GO-PNIPAM hybrid. (Pan, et al. 2011. Water-Soluble 
Poly(N-Isopropylacrylamide)-Graphene Sheets Synthesized Via Click Chemistry for Drug 
Delivery. Adv Funct Mater 21:2754-63.) 
 
2.3 Graphene-electroactive polymer nanocomposites 
Electroactive polymers, such as polyaniline (PANi), polythiophene (PTp) and polypyrrole (PPy) 
have drawn significant attention in the field of nanoscience and nanotechnology, due to their 
unique electrical and optical properties. (Das and Prusty, 2012) However, they lack the 
mechanical strength and flexibility, and exhibit poor solubility and processability. The 
incorporation of graphene nanosheets into electroactive polymers is attractive for synergistically 
combining the properties of both components. Graphene-electroactive polymer nanocomposites 
have applications in solar cells (Yu et al., 2010, Liu et al., 2012), non-volatile memory (Zhang et 
al., 2013), supercapacitors (Kumar et al., 2012, Kumar et al., 2012, Sahoo et al., 2011), dielectric 
capacitors (Li et al., 2012), lithium-ion batteries (Liang et al., 2011), chemical and biological 
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sensors (Si et al., 2011, Si et al., 2012, Zhou et al., 2012, Huang et al., 2012), absorbents (Li et 
al., 2012, Zou et al., 2011, Li et al., 2013, Mishra and Ramaprabhu, 2012), electrochromism 
(Wei et al., 2013), thermoelectric transducers (Xiang and Drzal, 2012), electromagnetic shielding 
(Yu et al., 2012), field emission display (Goswami et al., 2011), corrosion protection (Chang et 
al., 2012),  actuator (Liu et al., 2012) and neural probe (Deng et al., 2011) (Figure 2.17). 
 
 
Figure 2.17. Application field of graphene-electroactive polymer nanocomposites. 
 
 
 In general, there are three main approaches to the preparation of graphene-electroactive polymer 
nanocomposites: in-situ oxidative polymerization, electrochemical polymerization and ‘grafting-
to’ methods. In-situ oxidative polymerization is desirable for producing large quantities of 
graphene-electroactive polymer nanocomposites, while electrochemical polymerization is 
particularly useful for constructing thin films for sensors or electrode materials. ‘Grafting-to’ 
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methods are useful for enhancing the compatibility of graphene nanosheets with electroactive 
polymer matrixes and minimizing phase separation. 
 
2.3.1 In-situ oxidative polymerization 
In-situ oxidative polymerization is the most widely applied method for the preparation of 
graphene-electroactive polymer nanocomposites. Aniline and pyrrole can be polymerized in 
aqueous dispersions of graphene nanosheets in the presence or absence of an oxidizing agent. 
Unlike pyrrole and aniline, the oxidation potential of thiophene is relatively high, and thiophene 
derivates are almost insoluble in aqueous media.  Graphene-PTp hybrids have to be prepared in 
organic solvents in the presence of oxidizing agents. 
 
Xiang and Drzal (Xiang and Drzal, 2012) prepared graphene-PANi hybrids via in-situ oxidative 
polymerization of aniline in the presence of graphene nanosheets using ammonium persulfate 
(APS) as the oxidizing agent. The aqueous dispersion of graphene-PANi hybrid was fabricated 
into paper-like nanocomposites via controlled vacuum filtration. The respective Seebeck 
coefficient (ratio of the resulting voltage and temperature difference, S = ∆V/∆T) and σ of the 
resulting paper-like nanocomposites reached as high as 33 µV K-1 and 59 S cm-1 for the 
graphene-PANi hybrid containing 43 wt% of PANi with a protonation ratio of 0.2. As a result, 
the graphene nanocomposites not only preserved the high Seebeck coefficient (7 µV K-1) of 
PANi but also significantly increased the electrical conductivity (1.5 S cm-1) of PANi. The 
thermoelectric efficiency of this composite, related to a dimensionless figure of merit ZT (ZT = 
S2 σ T κ-1, κ is the thermal conductivity), was 2 orders of magnitude higher than that of either 




Liang et al. (Liang et al., 2011) synthesized PANi nanofibers-decorated GO nanosheets (GO-
PANi hybrid) via in-situ oxidative polymerization of aniline in the presence of GO nanosheets 
using APS as the oxidizing agent. SnO2 nanoparticles were subsequently anchored onto the GO-
PANi hybrid, followed by a hydrothermal treatment, to obtain the RGO-PANi-SnO2 hybrid. The 
resulting RGO-PANi-SnO2 hybrid, as an anode in a lithium-ion battery, exhibits a reversible 
storage capacity larger than 573.6 mA h g-1 over 50 charging-discharging cycles with a 
coulombic efficiency of 99.26%. 
 
Graphene has a large dielectric loss, but exhibits very weak attenuation properties to 
electromagnetic waves due to its high conductivity. Yu et al. (Yu et al., 2012) prepared PANi 
nanorods-decorated graphene nanosheets (graphene-PANi hybrid) via in-situ oxidative 
polymerization of aniline in the presence of graphene nanosheets using APS as the oxidizing 
agent.  The electromagnetic absorption properties of the obtained graphene-PANi hybrid were 
significantly enhanced. The maximum reflection loss of graphene-PANi hybrid reached -45.1 dB 
at 12.9 GHz with a thickness of only 2.5 mm, in comparison to -29.9 dB at 8.1 GHz for the neat 
PANi nanorods with a thickness of 4 mm. The enhanced electromagnetic absorption properties 
are attributed to the unique structural characteristics and the charge transfer between graphene 
and PANi nanorods. 
 
Goswami et al. (Goswami et al., 2011) prepared RGO-PANi hybrid by in-situ oxidative 
polymerization in the presence of GO nanosheets using APS as the oxidizing agent, followed by 
reduction using hydrazine. The field emission display device, with RGO-PANi hybrid mounted 
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on carbon tape as the cathode and a stainless steel conical shaped tip as the anode, has an 
effective turn-on fields of 5.74 V µm-1, whereas, PANi fibers failed to exhibit turn-on emission 
within the measured range. The maximum emission current density of RGO-PANi hybrid was 
measured at 0.8 mA cm-2, leading to a field enhancement factor as high as 7012. The electron 
field emission of the as-fabricated field emission display device is significantly improved in 
comparison to that of neat PANi fibers. This observation in turn suggests that the as-synthesized 
nanocomposites can be used in future field emission display devices. 
 
Li et al. (Li et al., 2012) have also prepared RGO-PANi hybrid by in-situ oxidative 
polymerization in the presence of GO using APS as the oxidizing agent, followed by chemical 
reduction using hydrazine. The obtained RGO-PANi hybrid was used as fillers for enhancing the 
dielectric properties of PMMA. The dielectric constant of PMMA/RGO-PANi composite with 6 
vol% of RGO-PANi at 1000 Hz exhibited a 10-fold enhancement in comparison to that of neat 
PMMA. The dielectric loss of PMMA/RGO-PANi composite was maintained as low as 0.12 at 
1000 Hz. The homogenous dispersion of RGO-PANi hybrid in PMMA matrix caused an 
isolation effect, which played a key role in achieving high dielectric constant and low dielectric 
loss. However, the PMMA/RGO composite containing 6 vol% RGO nanosheets not only 
exhibited a low dielectric constant of 20, but also a dielectric loss as high as 1250. The 
significant increase in dielectric loss of the PMMA/RGO composite can probably be attributed to 





In the composites above, the PANi formed in-situ can interact with graphene nanosheets via π-π 
stacking interaction. Zhang et al. (Zhang et al., 2013), Kumar et al. (Kumar et al., 2012) and 
Chang et al. (Chang et al., 2012) further functionalized graphene nanosheets with covalently 
bonded PANi via in-situ oxidative polymerization. For example, graphene nanosheets can be 
functionalized with 4-aminobenzoyl groups by Friedel-Crafts acylation using 4-aminobenzonic 
acid in a PPA/P2O5 medium. The subsequent in-situ oxidative graft polymerization of aniline, 
using APS as the oxidizing agent, was initiated from 4-aminobenzoyl groups on the graphene 
nanosheets. The graphene-PANi hybrid displayed outstanding barrier properties against O2 and 
H2O in comparison to neat PANi and PANi-clay composites. The enhanced gas barrier property 
of graphene-PANi hybrid can be attributed to the high aspect ratio of graphene nanosheets. 
 
It is well known that metal oxides, such as MnO2, PbO2 and NH4VO3, can polymerize aniline via 
charge transfer interactions (Ballav, 2004). In this method, it is assumed that PANi formation 
will be controlled by dissolution of metal oxides into the solution. Huang et al. (Huang et al., 
2012) prepared RGO-MnO2 hybrid by adsorption of Mn2+ onto the GO nanosheets, followed by 
oxidative reaction with KMnO4 and thermal annealing. The MnO2 component in RGO-MnO2 
hybrid can serve as a sacrificial template and oxidizing agent for the in-situ oxidative 
polymerization of aniline. The resulting RGO-PANi hybrid exhibited 3.4 and 10.4 times, 
respectively, high sensitivity to NH3 gas than those of the neat PANi nanofibers and RGO 
nanosheets at the NH3 gas concentration of 50 ppm. The enhanced gas sensing properties of 




 A variety of oxidizing agents are available for the oxidative polymerization of pyrrole (Ballav 
and Biswas, 2005). Besides in-situ oxidative polymerization of pyrrole using APS (Sahoo et al., 
2011), MnO2 (Li et al., 2012) and GO nanosheets (Amarnath et al., 2011, Pham et al., 2012) as 
the oxidative agents, FeCl3 has also been used (Whitby et al., 2011). Sahoo et al. (Sahoo et al., 
2011) prepared graphene-PPy hybrid via in-situ oxidative polymerization of pyrrole in the 
presence of graphene nanosheets using APS as the oxidizing agent. The electrochemical 
performance of the obtained graphene-PPy hybrid was remarkably enhanced in comparison to 
neat PPy. The graphene-PPy hybrid also exhibited a graphene content-dependent specific 
capacitance. The maximum capacitance value and energy density were found to be 409 F g-1 and 
227.2 Wh Kg-1 at the scan rate of 10 mV s-1. 
 
Li et al. (Li et al., 2012) coated GO nanosheets with MnO2 nanoslices via the following reaction: 
4 MnO4- + 4 H+ → 4MnO2 + 2H2O + 3O2. PPy were then decorated onto the RGO nanosheets 
using MnO2 as a sacrificial template and oxidizing agent for in-situ oxidative polymerization of 
pyrrole. The as-synthesized GO-PPy hybrid exhibited an enhanced adsorption property, over that 
of neat PPy NPs, for Cr(IV) ions in aqueous solutions, arising from the synergistic effect.  
 
Under thermal or UV activation, electrons transferred from aniline to GO nanosheets reduces the 
GO nanosheets and induces the oxidative polymerization of aniline (Xu et al., 2011). Pham et al. 
(Pham et al., 2012) synthesized RGO-PPy hybrid via in-situ oxidative polymerization of pyrrole 
in an aqueous suspension of GO. The GO nanosheets played the role of electron acceptors and 
underwent reduction. The photoexcited pyrrole were quenched by the electron acceptor and led 
to the formation of pyrrole radical cations, which initiated the oxidative polymerization of 
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pyrrole. The resulting RGO-PPy hybrid was used as an electrode in a supercapacitor cell, which 
exhibited excellent performance in electrical energy storage. The composite exhibited a specific 
capacitance of 376 F g-1 at a scan rate of 25 mV s-1. Whitby et al. (Whitby et al., 2011) 
functionalized carboxylic acid and hydroxyl groups on GO nanosheets with aromatic 
diisocyanate. The pendant isocyanato groups can act as bridging units to facilitate the attachment 
of pyrrole, which can then be used as the anchoring and initiating sites for in-situ oxidative 
polymerization of pyrrole using FeCl3 as the oxidizing agent. 
 
Thiophene and its derivates are usually polymerized in organic solvents, such as chloroform and 
acetonitrile, using FeCl3 as the oxidizing agent, similar to precipitation polymerization of 
organic-soluble monomers (Wang et al., 2010). Bhattacharya and Dos (Bhattacharya and Das, 
2012) synthesized graphene-PTp hybrid via in-situ oxidative polymerization of 3-
methylthiophene in chloroform dispersion of graphene using FeCl3 as the oxidizing agent. The 
resulting graphene-PTp hybrid was investigated as electrode material for supercapacitors, that 
exhibited a high specific capacitance of 240 F g-1. Kumar et al. (Kumar et al., 2012) 
functionalized GO nanosheets with 3,4-propylenedioxythiophene (ProDOT-OH) via 
esterification, followed by in-situ oxidative copolymerization of thiophene in chloroform using 
FeCl3 as the oxidizing agent. The specific capacitance of the resulting GO-PTp hybrid was 
determined to be 201 F g-1 at a scan rate of 10 mV s-1. 
 
2.3.2 Electrochemical polymerization 
In comparison to oxidative polymerization, electrochemical polymerization was performed at an 
electrode under a positive potential. Whereas powder forms are obtained by oxidative 
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polymerization, electrochemical polymerization usually leads to films deposited on the anode 
(Jang, 2006). 
 
Aniline and RGO nanosheets were electro-deposited onto a fluorine-doped tin oxide (FTO) glass 
to form a RGO-PANi hybrid thin film. The RGO-PANi hybrid-coated electrode was used as a 
counter electrode for dye-sensitized solar cells. The Jsc and η of the dye-sensitized solar cell with 
RGO-PANi hybrid as the counter electrode were measured to be 16.28 mA cm-2 and 7.17%, 
respectively, in comparison to the corresponding Jsc and η values of 15.01 mA cm-2 and 7.24% 
with the Pt counter electrode (Liu et al., 2012). 
 
Pyrrole is oxidized to form a positively-changed cationic radical, when a positive potential is 
applied at the electrode. Not only could the positively-changed cationic pyrrole radicals lead to 
the formation of PPy via radical-radical coupling, but they also interact with the electronegative 
GO nanosheets via electrostatic interaction. Thus, the GO-PPy hybrid forms and deposits readily 
onto the platinum neural micro-electrode. In comparison to neat PPy film, the GO-PPy hybrid 
(prepared from 0.5 mg mL-1 of GO) had a rougher surface texture with micrometer-scale bulges, 
arising from the presence of large-scale GO nanosheets. The impedance of the GO-PPy hybrid 
(prepared from 0.5 mg mL-1 of GO)-coated Pt electrode was only about 40 kΩ at the biological 
relevant 1 kHz, while it was 319 and 115 kΩ, respectively, for bare and PPy-coated Pt electrodes. 
The charge capacity density of modified Pt electrodes increased dramatically from 0.94 mC cm-2 
for the bare Pt electrode to 190.98 mC cm-2 for the PPy-coated Pt electrode and 242.17 mC cm-2 
for the GO-PPy hybrid (prepared from 0.5 mg mL-1 of GO)-coated Pt electrode. For nerve 
stimulation and recording, high charge-injection capacity and low impedance are crucial to the 
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performance of neural electrodes (Han and Lu, 2007). Thus, the easily fabricated GO-PPy hybrid 
is potential useful for implantable neural probe applications (Deng et al., 2011). 
 
The thiophene derivative, 3,4-ethylenedioxy-thiophene, and GO was electro-deposited onto a 
glassy carbon electrode. The GO-PTp hybrid-modified electrode was utilized as an 
electrochemical sensor for the simultaneous detection of hydroquinone (HQ) and catechol (CT). 
The electrode exhibited good electrocatalytic activity toward the redox of HQ and CT. Under the 
optimized condition, the response peak current of the modified electrode was linear over the 
range of 2.5 to 200 µM for HQ, and 2 to 400 µM for CT. The sensor also exhibited good stability 
and excellent sensitivity, with a detection limit of 1.6 µM for both HQ and CT (Si et al., 2012). 
    
 
2.3.3 ‘Grafting-to’ methods 
Due to the poor solubility of PPy and PANi in solvents, the ‘grafting-to’ methods are rarely used 
for the preparation of graphene-PANi and PPy nanocomposites. PTp derivates with long alkyl 
chains exhibited good solubility and processability in organic solvents. A few examples on 
covalent functionalization of graphene nanosheets via the ‘grafting-to’ methods are described 
below. 
 
Yu et al. (Yu et al., 2010) prepared hydroxyl-terminated regioregular poly(3-hexylthiophene) 
(P3HT) through post-modification of ω-bromo end of P3HT via a cross-coupling reaction with 
thienylzinc compounds bearing a tetrahydropyranyl (THP)-protected hydroxyl group. The OH-
terminated P3HT was chemically grafted onto GO nanosheets via esterification (Figure 2.18). 
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The resulting GO-P3HT hybrid was dispersible in common organic solvents, facilitating device 
fabrication by solution processing. A bilayer photovoltaic device based on solution-casted 
ITO/PEDOT:PSS/GO-P3HT/C60/Al exhibited a higher short circuit current and open circuit 
voltage and with a 200% increase in the power conversion efficiency (η = 0.61%), in comparison 
to its ITO/PEDOT:PSS/P3HT/C60/Al counterpart under AM 1.5 illumination (100 mW cm-2). 
 
Figure 2.18. Synthesis procedure for covalent grafting of OH-terminated P3HT chains onto GO 
nanosheets. (Yu, et al. 2010. Soluble P3HT-Grafted Graphene for Efficient Bilayer-
Heterojunction Photovoltaic Devices. ACS Nano 4:5633-40.) 
 
Meng et al. (Meng et al., 2012) synthesized amino- and alkynyl-terminated P3HT via Grignard 
metathesis (GRIM) reaction. Amino-terminated P3HT was grafted onto GO nanosheets via 
amidation, while alkynyl-terminated P3HT was grafted onto azido-functionalized GO nanosheets 
via ‘Click’ chemistry. The GO-P3HT hybrid prepared from ‘Click’ chemistry showed a red-shift 
in UV-visible absorption and a decrease in optical bandgap due to high grafting density of P3HT 








CHAPTER 3  
DOPAMINE-INDUCED REDUCTION AND 




3.1 Introduction  
The adhesive proteins of mussels, which contain high concentrations of catechol and 
amine functional groups, exhibit excellent affinity for most organic and inorganic 
surfaces, such as metal, metal oxide, and polymer surfaces (Waite and Tanzer, 1981). 
Dopamine, commonly known as a hormone and neurotransmitter, is a unique 
molecule mimicking the adhesive proteins. At a weak alkaline pH, dopamine will 
undergo self-polymerization to produce an adherent polydopamine (PDA) coating on 
a wide range of substrates, with the accompanied oxidation of catechol groups to the 
quinone form (Lee et al., 2007, Lee et al., 2008, Lee et al., 2007). The oxidized 
quinone form of catechol can undergo reactions with various functional groups, 
including thiol, amine, and quinone itself, via Michael addition (LaVoie et al., 2005) 
or Schiff base reaction (Burzio and Waite, 2000) to form covalently grafted functional 
layers (Lee et al., 2007, Lee et al., 2010, Zhou et al., 2010, Lee et al., 2010). 
Moreover, as a good reducing agent, dopamine has recently been used to prepare 
polymer nanocomposites via direct redox reaction with HAuCl4 and H2PtCl6 (the 
oxidants) (Fei et al., 2008, Fu et al., 2009). The fascinating (reduction, self-
polymerization, and adhesion) properties of dopamine allow one to use it 
simultaneous as a reducing agent for graphene oxide (GO) and as a capping agent to 
stabilize and decorate the resulting reduced GO (RGO) surface for further 
functionalization. For example, the Michael addition (or Michael addition/Schiff base 
reaction) between the PDA-capped RGO and thiol-terminated (or amino-terminated) 
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polyethylene glycol (PEG) can give rise to functionalized RGO (Figure 3.1). 
 





3.2 Experimental Section 
3.2.1 Materials  
Natural graphite flakes, dopamine hydrochloride (98%), O-[2-(3-
mercaptopropionylamino)ethyl]-O’-methylpolyethylene glycol (thiol-terminated PEG, 
Mw ~ 5,000), and O-(2-aminoethyl)-O’-[2-(Boc-amino) ethyl]polyethylene glycol 
(amino-terminated PEG, Mw ~ 2,000) were purchased from Sigma-Aldrich Chem. Co. 
All other regents and solvents were purchased from either Sigma-Aldrich or Merck 
Chem. Co., and were used without further purification. 
 
3.2.2 Synthesis of GO 
GO was prepared via the modified Hummers method (Hummers and Offeman, 1958). 
Typically, graphite (2 g, 500 mesh) and NaNO3 (1 g) were mixed with concentrated 
H2SO4 (50 mL) in a 250 mL flask at 0 oC. The temperature was kept at 5 oC, and the 
mixture was stirred for 2 h. After that, 7.3 g of KMnO4 was added in small portions to 
prevent temperature rise in excess of 20 oC. Then, the temperature of the reaction 
mixture was raised to 35 ± 2 oC and the mixture was stirred for 30 min. After 
completion of the reaction, 90 mL of deionized water was gradually added into the 
solution. The suspension was reacted further by adding a mixture of H2O2 (7 mL, 
30%) and water (55 mL). The graphene oxide was separated from the reaction 
mixture by filtration. The yellow-brown graphene oxide powders were washed three 
times with warm diluted HCl (3 %, 150 mL), and then dried under reduced pressure 
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for 24 h. 
 
3.2.3 Synthesis of PDA-capped RGO 
PDA-capped RGO was prepared typically as follows: 100 mg of GO and 50 mg of 
dopamine hydrochloride were added into 200 mL of 10 mM Tris-HCl solution (pH = 
8.5), and dispersed by sonication for 10 min in an ice bath. The reaction mixture was 
stirred vigorously at 60 oC for 24 h and changes in adsorption were monitored on a 
UV-visible spectrophotometer. After the completion of the reduction reaction, the 
PDA-capped RGO was filtered with a 0.2 µm membrane filter, washed, redispersed 
and dialyzed against doubly-distilled water for 3 days. The black powders were 
recovered by filtration, and dried under reduced pressure for 24 h. 
 
3.2.4 Synthesis of RGO-g-PEG 
Surface modification of PDA-capped RGO was performed by adding 10 mg of the 
PDA-capped RGO and 20 mg of amino-terminated PEG (or 40 mg of thiol-terminated 
PEG) into 30 mL of 10 mM Tris-Cl solution (pH = 8.5). The reaction mixture was 
stirred at room temperature for 12 h. After that, the solution was filtered, washed 
thoroughly with doubly-distilled water and ethanol, followed by drying under reduced 
pressure for further characterization. 
 
3.2.5 Characterization 
FT-IR spectroscopy measurements were carried out on a Bio-Rad FTS-135 
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spectrophotometer. X-ray photoelectron spectroscopy (XPS) measurements were 
carried out on a Kratos AXIS Ultra HSA spectrometer equipped with a 
monochromatized Al Kα X-ray source (1468.6 eV photons). Field emission 
transmission electron microscopy (FETEM) images were obtained from a JEOL JEM-
2010 FETEM. The UV-visible absorption spectra in the wavelength range of 200 to 
900 nm were obtained from a Shimadzu UV-3101PC spectrophotometer. 
Thermogravimetric analysis was carried out on a thermogravimetric analyzer (TGA, 
TA Instrument, Model 2050) at a heating rate of 10 oC/min in air. Powder X-ray 
diffraction (XRD) measurements were carried out on a Shimadzu XRD-6000 
apparatus, using the Cu Kα radiation. The differential scanning calorimetry (DSC) 
measurements were performed on a Pekin Elmer DSC7 calorimeter under a nitrogen 
atmosphere, at a heating rate of 10 oC/min. The 1H NMR spectra were recorded on a 
Bruker ARX 300 MHz spectrometer. GPC was performed on a Waters GPC system, 
equipped with a Waters 1515 isocratic HPLC pump, a Waters 717 plus Autosampler 
injector, a Waters 2414 refractive index detector, and a series of three linear Jordi or 
Agilent columns. The fluorescence spectra were measured on a Shimadzu RF-5031 
spectrophotometer, with an excitation wavelength of 496 nm. The electrochemical 
performance was evaluated by electrochemical impedance spectroscopy and 
galvanostatic charge-discharge measurements in a three-electrode cell system on an 
Autolab PGSTAT 302N Electrochemical Workstation at room temperature. The 
electrolyte used was 1 M H2SO4 aqueous solution. 
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3.3 Results and Discussion 
The GO nanosheets were produced from natural graphite flakes by the modified 
Hummer’s method (Hummers and Offeman, 1958). PDA-capped RGO was prepared 
via the simultaneous reduction of GO by dopamine and self-polymerization of the 
latter. The morphology of GO and PDA-capped RGO nanosheets is revealed by TEM 
images of Figure 3.2(a) and 3.2(b), respectively. Since PDA has a tendency to form 
free PDA particles at high dopamine concentration or temperature (Fei et al., 2008), 
the PDA-capped RGO was filtered, washed and dialyzed against doubly-distilled 
water. Arising from these treatments and high affinity of the PDA aromatic rings for 





Figure 3.2. TEM images of the (a) GO and (b) PDA-capped RGO nanosheets from 
aqueous dispersions, (c) photograph of aqueous and organo-dispersions PDA-capped 
RGO and RGO-g-PEG after one week (concentrations of PDA-capped RGO in H2O = 
0.05 mg/mL and RGO-g-PEG in THF, DMF, CHCl3 and H2O = 0.02 mg/mL). 
 
The reduction process of GO by dopamine in Tris-HCl was monitored by UV-visible 
absorption spectroscopy. In Figure 3.3, the absorbance peaks at 230 nm and 300 nm, 
characteristic of GO, have shifted to 268 nm, and the intensity of the absorption tail in 
the visible region (>300 nm) has increased with the reduction time while the PDA-
capped RGO remains uniformly dispersed in Tris-HCl. Thus, the GO nanosheets have 
66 
 
been reduced and the aromatic structure within the GO nanosheets restored upon 
dopamine reduction (Li et al., 2008, Kong et al., 2009). 
 
 
Figure 3.3. UV-visible absorption spectra of the Tris-HCl aqueous dispersions of GO 
(1) before and after being reduced by dopamine for (2) 4, (3) 8, (4) 12, (5) 16 and (6) 
24 h. 
 
The structures of GO before and after reduction were also characterized by XRD. As 
shown in Figure 3.4, the sharp diffraction peak in GO (d-spacing 8.29 Å at 2θ = 
10.7o) has decreased dramatically after reduction, and a new broad diffraction peak 
(d-spacing 3.81 Å at 2θ = 23.4o) has appeared in the PDA-capped RGO (Li et al., 






RGO is closer to the typical diffraction peak of graphite (d-spacing 3.35 Å at 2θ = 
26.6o) (Zhang et al., 2010), indicating the successful reduction of GO. Furthermore, 
the sheet resistance of PDA-capped RGO (~108 ohm/sq) is about 2 orders magnitude 
lower than that (~1010 ohm/sq) of GO, consistent with the reduction of latter. 
 
Figure 3.4. XRD patterns of (a) GO and (b) PDA-capped RGO. 
 
The XPS C 1s core-level spectrum of GO nanosheets (Figure 3.5(a)) can be curved 
into five peak components with binding energies (BEs) at about 283.8, 284.6, 286.4, 
287.9 and 288.8 eV, attributable to the sp2 hybridized carbon, sp3 hybridized carbon, 
C-O, C=O and O-C=O species, respectively (Zhang et al., 2010, Liu et al., 2010, Xu 
(a) 
(b) 













et al., 2010). The XPS C 1s core-level spectrum of the PDA-capped RGO nanosheets 
(Figure 3.5(b)) can be curve-fitted into five peak components with BEs at about 
284.6, 285.5, 286.4, 287.8 and 288.9 eV, attributable to the C-C, C-N, C-O, C=O and 
O-C=O species, respectively (Xu et al., 2010). The appearance of C-N peak 
component at the BE of 285.5 eV in the C 1s core-level spectrum and an N 1s core-
level spectrum at the BE of ~400 eV (inset of Figure 3.5(b)) is consistent with the 
presence of a surface-capped PDA layer. 
 
Figure 3.5. XPS C 1s core-level spectra of (a) GO, (b) PDA-capped RGO, (c) RGO-
g-PEG from thiol-terminated PEG and (d) RGO-g-PEG from amino-terminated PEG. 
Insets of (b) and (c) are the N 1s and S 2p core-level spectra of PDA-capped RGO 
and RGO-g-PEG from thiol-terminated PEG, respectively. 
 
Figure 3.6 shows the TGA curves of the GO and PDA-capped RGO nanosheets at a 
heating rate of 10 oC/min in air. GO is thermally unstable, with a rapid weight loss 
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commences at about 200 oC. Dopamine reduction and PDA affinity appear to be 
effective in enhancing the thermal stability of GO nanosheets. 
 
Figure 3.6. TGA curves of the (a) GO, (b) PDA-capped RGO, (c) RGO-g-PEG from 
thiol-terminated PEG, and (d) RGO-g-PEG from amino-terminated PEG. 
 
The PDA adlayer containing catechol groups is a versatile platform for further 
modification and functionalization of RGO with additional organic layers to enhance 
the dispersity of RGO in various solvents, such as water, tetrahydrofuran, N,N-
dimethylformamide and chloroform. At weak alkaline pH, the oxidized quinone form 
of catechol groups can react with thiol- and amino-terminated PEG via Michael 

















g-PEG can be redispersed in various solvents, and exhibits excellent stability in these 
dispersing media (Figure 3.2(c)). The maximum solubility of RGO-g-PEG in water 
can reach about 6.5 mg/mL. The successful grafting of PEG brushes on the surface of 
PDA-capped RGO was confirmed by XPS. Figure 3.5(c) shows the C 1s core-level 
spectrum of RGO-g-PEG nanosheets from grafting of the thiol-terminated PEG. It can 
be curve-fitted into five peak components with BEs at about 284.6, 285.4, 286.3, 
287.8 and 288.9 eV, attributable to the C-C, C-N/C-S, C-O, C=O and O-C=O species, 
respectively. The marked increase in intensity of the C-O peak component and the 
appearance of the S 2p core-level signal (inset of Figure 3.5(c)), indicate that the 
thiol-terminated PEG brushes have been successfully grafted on the RGO surface. 
The C 1s core-level spectrum of the RGO-g-PEG surface from grafting of amino-
terminated PEG (Figure 3.5(d)) can also be curved into five peak components with 
BEs at about 284.6, 285.4, 286.3, 287.8 and 288.9 eV, attributable to the C-C, C-N, C-
O, C=O and O-C=O species, respectively. The dominance of the C-O peak component 
is again consistent with the presence of grafted PEG brushes.  
 
Figure 3.7(a)-(c) show the respective 1H NMR spectra of PDA-capped RGO, RGO-
g-PEG from thiol-terminated PEG and RGO-g-PEG from amino-terminated PEG. 
After Michael addition or Schiff base reaction, a new chemical shift appears at 3.53 
ppm, attributable to the methylene group of PEG, and is present in the RGO-g-PEG 
samples from both thiol- and amino-terminated PEG. Since the cross-linked PDA 
layer is insoluble in d-DMSO, the amount of PDA and grafted PEG cannot be 
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quantitatively resolved from the NMR spectra. 
 
Figure 3.7. 1H NMR spectra of the (a) PDA-capped RGO, (b) RGO-g-PEG from 
thiol-terminated PEG, and (c) RGO-g-PEG from amino-terminated PEG. 
 
The respective FT-IR spectra of GO, PDA-capped RGO and RGO-g-PEG from thiol- 
and amino-terminated PEG, are shown in Figure 3.8. The appearance of a strong 
absorption peak at 1100 cm-1, characteristic of the C-O-C stretching, further confirm 
that PEG brushes have been grafted on the PDA-capped RGO nanosheets.  









Figure 3.8. FT-IR spectra of the (a) GO, (b) PDA-capped RGO, (c) RGO-g-PEG 
from thiol-terminated PEG, and (d) RGO-g-PEG from amino-terminated PEG. 
 
The amount of grafted PEG brushes on the RGO-g-PEG nanosheets is about 50 wt%, 
as deduced from the extent of major weight loss at 280-350 oC, associated with the 
decomposition of PEG (Petersen et al., 2002), in the TGA curves for the RGO-g-PEG 
nanosheets prepared from thiol- and amino-terminated PEG (Figure 3.6(c) and 
3.6(d)). The respective DSC scans of PDA-capped RGO, RGO-g-PEG from thiol-
terminated PEG and RGO-g-PEG from thiol-terminated PEG, are shown in Figure 
3.9. The DSC endotherm of RGO-g-PEG from amino-terminated PEG (Mw ~ 2,000) 
shows a crystalline melting peak at 79.4 °C, which is comparable to that (85.4 °C) of 
Wave Number (cm‐1) 


















RGO-g-PEG from thiol-terminated PEG (Mw ~ 5,000). The melting temperatures are 
higher than that (~ 60 °C) for the PEG homopolymer of comparable molecular weight 
(Gitsov and Zhu, 2002). Thus, the melting endotherm of the immobilized PEG 
segments has shifted toward a higher temperature. 
 
Figure 3.9. DSC curves of the (a) PDA-capped RGO, (b) RGO-g-PEG from thiol-






















In summary, it has been shown that GO nanosheets can be readily reduced by 
dopamine with simultaneous capping by polydopamine (from self-polymerization of 
dopamine) to provide a versatile platform for covalent grafting of functional polymer 
brushes. Not only does dopamine allow reduction of GO without the use of hazardous 
chemicals or reducing agents, polydopamine can also be used to immobilize thiol- and 
amino-terminated PEG on the surface of RGO in a “grafting-to” process. The PEG-
grafted RGO nanosheets are organo- and water dispersible (processable) and exhibit 
good stability in the dispersed state. The method will also allow the grafting of other 
thiol- or amino-functionalized molecules, polymers and proteins, thus providing a 
versatile and benign means for the preparation and processing of graphene-based 










CHAPTER 4  
FUNCTIONALIZATION OF RGO NANOSHEETS VIA 
STACKING INTERACTIONS WITH THE FLUORESCENT AND 




4.1 Introduction  
Perylene bisimide (PBI) derivatives have been used extensively as colorant pigments 
due to their good thermal stability and chemical inertness (Herbst and Hunger, 1993). 
More recently, they have been developed into an important class of n-type 
semiconductor materials (Horowitz et al., 1996) and have found application in sensors 
(Zhang et al., 2009), lasers (Calzado et al., 2007), fluorescent labels (Tautzenberger et 
al., 2010), organic electronic devices (Sharma et al., 2009) and supramolecular self-
assemblies (Wicklein et al., 2009). As PBI dyes have high fluorescence quantum 
yields, the preparation of water-soluble PBI makes them ideal for applications as high 
performance fluorophore in optoelectronics. To prepare water-soluble PBI derivatives, 
additional side groups have been introduced directly into the perylene core or in the 
imide positions (Heek et al., 2010). A high fluorescence quantum yield could be 
achieved via substitution into the perylene core, albeit the fluorescence is shifted into 
the red region (Klok et al., 2002). Various fluorescent initiators, based on naphthalene, 
2-(4-chloromethyl-phenyl)-benzoxazole, porphyrin and polyfluorene, have been 
successfully used to synthesize fluorescent polymers via ATRP (Braunecker and 
Matyjaszewski, 2007, Lu et al., 2005, Zhao et al., 2009). Accordingly, it would be 
desirable to prepare PBI-containing polymers using PBI with substituents in the imide 
positions as the ATRP initiator. 
 
In this chapter, the preparation of fluorescent and water-soluble PBI-containing 
polymers and the subsequent non-covalent functionalization of thermally-reduced 
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graphene oxide (RGO) are described. Initially, the PBI-containing poly(glyceryl 
acrylate) (PBIPGA) was synthesized via ATRP of solketal acrylate (SA), and 
subsequent deprotection of hydroxyl groups of the PSA segments by acidic hydrolysis 
(Tang and Pan, 2008, Kipping et al., 2010). RGO was obtained by thermal annealing 
of GO in an H2/Ar stream. Finally, PBIPGA was allowed to self-assemble on the RGO 





4.2 Experimental Section 
4.2.1 Materials 
Natural graphite flake, N,N,N',N'',N''-pentamethyldiethylenetriamine (PMDETA, 
99%), CuBr (99%) and 2-bromoisobutyryl bromide (99%) were purchased from 
Sigma-Aldrich Chem. Co. All other regents and solvents were purchased either from 
Sigma-Aldrich or Merck Chem. Co., and were used as received. Solketal acrylate (SA) 
and N,N’-bis(2-[2-hydroxyethoxy]ethyl) perylene-3,4,9,10-tetracarboxylic acid 
bisimide (PBI-OH) were prepared according to the methods reported in the literatures 
(Tang and Pan, 2008, Ustinov et al., 2008). 
 
4.2.2 Preparation of atom transfer radical polymerization (ATRP) initiator: 
N,N’-bis{2-[2-[(2-bromo-2-methylpropanoyl)oxy]ethoxy] ethyl}perylene-3,4,9,10-
tetracarboxylic acid bisimide (PBI-Br) 
PBI-OH (570 mg, 1 mmol) was suspended in dry CH2Cl2 (150 mL) and triethylamine 
((C2H)3N, 0.43 mL, 3 mmol). After cooling to 0 oC, 2-bromoisobutyryl bromide (0.69 
g, 3 mmol) in dry CH2Cl2 was added dropwise, with continuous stirring over a period 
of 1 h. Then, the reaction mixture was stirred for another 24 h at room temperature. 
The (C2H)3N·HBr and unreacted PBI-OH were removed by filtration. After removal 
of the solvent by rotary evaporation and purification of the adduct by passing through 
a silica gel column using CHCl3 as the eluent, PBI-Br was obrained as a dark red 
solid. 1H NMR (CDCl3-d, ppm): 8.71 (4H, ArH, H-1), 8.65 (4H, ArH, H-2), 4.48 (4H, 
CH2, H-1’), 4.31 (4H, CH2, H-2’), 3.90 (4H, CH2, H-3’), 3.80 (4H, CH2, H-4’), 1.84 




4.2.3 Preparation of PBI-containing poly(SA) (PBIPSA) via ATRP of SA using 
PBI-Br as the initiator 
A typical ATRP reaction was carried out as follows: SA (3.73 g, 20.0 mmol), PBI-Br 
(41.3 mg, 0.05 mmol), CuBr (14.4 mg, 0.10 mmol) and THF (8 mL) were introduced 
into a 25 mL glass tube containing a magnetic bar. The solution was degassed with 
argon for 20 min. Then, PMDETA (17.3 mg, 0.10 mmol) was added quickly. After 
that, the reaction tube was sealed and the mixture stirred at 60 oC for 6 h. The reaction 
mixture was cooled, diluted with 10 mL THF and passed through a neutral alumina 
column to remove the copper catalyst. The polymer was obtained by precipitating into 
an excess volume of petroleum ether, followed by drying in a vacuum oven for 24 h. 
Gel permeation chromatography (GPC): Mn = 9100 g/mol, polydispersity index (PDI) 
= 1.18. 
 
4.2.4 Preparation of PBIPGA 
About 0.30 g (Mn = 9100 g/mol, PDI = 1.18) of PBIPSA was dissolved in 20 mL of 
THF in a 50 mL flask. The acetal protecting groups were removed by the addition of 
2 mL of 1 N hydrochloric acid. After stirring at room temperature for 48 h, the 
reaction mixture turned cloudy and separated into two layers. After removal of THF 
by rotary evaporation, the residue was dialyzed against doubly-distilled water for 3 




Figure 4.1. Schematic illustration of the preparation of PBIPGA via ATRP, and 
subsequent hydrolysis of the acetal-protecting group. 
 
4.2.5 Preparation of RGO-PGA composites via π-π stacking interactions 
About 5 mg (4.17 × 10-4 mol, based on 1 C unit) of RGO were dispersed in 10 mL of 
distilled water under sonication for 30 min in an ice-water bath using a sonication 
probe. After that, 20 mg of PBIPGA (Mn = 9100 g/mol, PDI = 1.18, 1.86 × 10-6 mol) 
were added, followed by an additional 30 min of sonication. The molar ratio of 
PBIPGA to RGO was about 4.46 mmol/mol. The black suspension was centrifuged at 
10,000 rpm to obtain the RGO-PGA composites. The resultant RGO-PGA composites 
were redispersed in water and then centrifuged again to ensure the complete removal 





Figure 4.2. Schematic illustration of the preparation of RGO via thermal 
deoxygenation and RGO-PBIPGA composites via π-π stacking interactions. 
 
4.2.6 Cell cytotoxicity and MTT assay 
The RGO-PGA composites were sterilized with 75% ethanol and recovered by 
centrifugation before use. The cytotoxicity of the RGO-PGA composites was 
evaluated by determining the viability of mouse 3T3 fibroblasts after incubating in the 
medium containing the RGO-PGA composites. The 3T3 fibroblasts were seeded in a 
24-well culture plate and incubated at 37 oC for 24 h prior to the treatment. Then, the 
medium was replaced with a fresh medium containing RGO-PGA composites (of 
different RGO concentrations of 5, 10, 20 and 40 μg/mL). Control experiments were 
carried out using the complete growth culture medium without the RGO-PGA 
composites. The 3T3 fibroblasts were incubated at 37 oC for another 6 and 24 h in the 
medium. After that, the culture medium in each well was removed and 90 μL of the 
medium and 10 μL of the MTT solution (5 mg/mL in PBS) were then added to each 
well. After 4 h of incubation at 37 oC, the medium was removed and the formazan 
crystals (a purple-color dye from reduction of MTT in living cells) were solubilized 
with 100 μL of DMSO for 15 min. After centrifugation at 10,000 rpm to remove any 
suspended RGO-PBIPGA composites, the optical absorbance was measured at 560 
nm on a microplate reader (Tecan GENios). The results were expressed as 
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4.3 Results and Discussion 
The PBIPGA was prepared via ATRP of SA using bifunctional PBI-Br as the initiator, 
followed by hydrolysis of the acetal-protecting group (Figure 4.1). PBI-Br was 
synthesized a priori by the reaction of PBI-OH with 2-bromoisobutyryl bromide in the 
presence of triethylamine. For complete transformation of the terminal hydroxyl 
groups into the alkyl halide initiators, an excess amount of 2-bromoisobutyryl 
bromide was used in the reaction. The PBIPSA were prepared by ATRP of SA in THF 
using PBI-Br as initiator and CuBr/PMDETA as the catalyst system at 60 oC ([PBI-
Br]:[CuBr]:[PMDETA]:[SA] = 1:2:2:400). According to the ATRP mechanism, the 
PBI moiety should exist in the center of the resultant polymer chain.  
 
Figure 4.3(a) shows the 1H NMR spectra of PBIPSA (Mn = 9100 g/mol, PDI = 1.18) 
in CDCl3-d. The chemical shifts in the ranges of 1.7-2.4 ppm and 1,3-1.5 ppm are 
attributable to the methine and methylene protons of the PSA backbone and the two 
methyl protons of the PSA side chain, respectively. The shifts at 3.7-4.3 ppm are 
assigned to the protons of the ester methylene, oxymethine and oxymethylene groups 
of PSA (Tang and Pan, 2008). The typical signals of PBI at 8.6-8.8 ppm persist in the 
resultant polymers, indicating that the PBI moieties have been successfully attached to 
the polymers. Figure 4.4 shows the GPC traces of PBIPSA from 4 h and 6 h of ATRP, 
respectively. With the increase in reaction time from 4 h to 6 h, the number-average 
molecular weight (Mn) of the PBIPSA increases from 5600 to 9100 g/mol, while the 
PDI remains at around 1.2. Finally, the acetal-protecting group of PBIPSA was 
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cleaved by treatment with 1 N HCl in THF solution at room temperature for 48 h to 
regenerate the 2,3-dihydroxypropyl group (PBIPGA). Figure 4.3(b) shows the 1H 
NMR spectrum of PBIPGA in DMSO-d6 from deprotection of PBIPSA (Mn = 9100 
g/mol, PDI = 1.18). In comparison with the 1H NMR spectrum of PBIPSA (Figure 
4.3(a)), the absence of the methyl peaks at 1.3-1.5 ppm indicate that the protection 
group has been removed completely. The characteristic signals of PBI moieties at 8.4-
8.9 ppm persist in the 1H NMR spectrum. Moreover, the signals of oxymethylene 
proton in the 2,3-dihydroxypropyl group is shifted to higher fields due to the 
formation of hydroxyl groups (Kipping et al., 2010). The results from NMR 
spectroscopy indicate that no degradation of the polymer backbone and PBI moieties 
has occurred during hydrolysis by 1 N HCl. Thus, PBIPGA (Mn = 7200 g/mol, PDI = 





Figure 4.3. 1H NMR spectra of (a) PBIPSA (Mn = 9100 g/mol, PDI = 1.18) in CDCl3-





Figure 4.4 GPC elution traces of PBIPSA with an ATRP time of (a) 4 and (b) 6 h. 
 
The optical properties of PBIPGA from deprotection of PBIPSA (Mn = 9100 g/mol, 
PDI = 1.18) were investigated by UV-visible absorption and fluorescence 
spectroscopy. The UV-visible absorption spectrum of PBIPGA in DMSO shows the 
presence of three adsorption bands at 461, 491 and 527 nm, corresponding to the 0→2, 
0→1 and 0→0 electronic transitions of PBI (Figure 4.5(a)). However, the adsorption 
spectrum of PBIPGA in an aqueous solution (Figure 4.5(b)) exhibits a reversal in the 
relative intensity of vibrational peaks. The most intense absorption maximum in water 
is associated with the λ0→1 vibrational band at 496 nm, whereas the λ0→0 adsorption 
band undergoes a reduction in relative intensity and is red shifted slightly with 
increasing concentration. Similar behavior has been reported for the oligomer-tethered 
PBI derivatives (Samudrala et al., 2007), suggesting that PBIPGA obtained from 




Figure 4.5. (a) UV-visible absorption spectra of the PBIPGA (from deprotection of 
PBIPSA (Mn = 9100 g/mol, PDI = 1.18)) in DMSO for concentrations from 1 × 10-5 
M to 1 × 10-6 M (Moles of PBIPGA per liter of DMSO); (b) UV-visible absorption 
spectra of the 1 × 10-4 M to 6 × 10-6 M (Moles of PBIPGA per liter of H2O) aqueous 
solutions of PBIPGA (from deprotection of PBIPSA (Mn = 9100 g/mol, PDI = 1.18)). 
 
The concentration-dependent fluorescence behavior of the PBIPGA in water at the 
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excitation wavelength λex = 496 nm was also investigated (Figure 4.6). PBIPGA has 
retained the photoluminiscent properties of PBI with the emission maxima at 541 nm 
(0→0) and 580 nm (0→2). PBIPGA exhibits a well-resolved vibronic pattern, even in 
dilute solution (6 × 10-7 M). The fluorescence intensity of PBIPGA in aqueous 
solution increases with dilution, due to the self-quenching of perylene dye at high 
concentration. The UV-visible absorption and fluorescence spectroscopic results are 
thus consistent with the preparation of polymer-substituted PBI, with the polymer 
substituents in the imide positions of PBI. 
 
Figure 4.6. Fluorescence spectra of the 2 × 10-5 M to 6× 10-7 M (Moles of PBIPGA 
per liter of H2O) aqueous solutions of PBIPGA (from deprotection of PBIPSA (Mn = 
9100 g/mol, PDI = 1.18)) with an excitation wavelength λex = 496 nm. The inset 
shows the photograph of PBIPGA aqueous solutions under UV illumination. 
 
PBIPGA was allowed to self-assemble onto the RGO nanosheets via π-π stacking 
interaction for the non-covalent functionalization of RGO. RGO was obtained a priori 
by thermal annealing of GO in an H2/Ar stream (Figure 4.2). The XPS wide-scan and 
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C 1s core-level spectra of GO nanosheets are shown in Figure 4.7(a) and 4.7(b), 
respectively. The C 1s core-level spectrum of GO nanosheets (Figure 4.7(b)) can be 
curve-fitted by five peak components with BEs at about 283.8, 284.6, 286.4, 287.9 
and 288.8 eV, attributable to the sp2 hybridized carbon, sp3 hybridized carbon, C-O, 
C=O and O-C=O species, respectively (Xu et al., 2010). Figure 4.7(c) shows the wide 
scan spectra of RGO nanosheets from thermal annealing. In comparison with that of 
the GO nanosheets (Figure 4.7(a)), the O 1s signal of RGO nanosheets at the BE of 
about 531 eV has decreased markedly, suggesting that most of the oxygen-containing 
functionalities in GO have been reduced or removed. The XPS C 1s core-level 
spectrum of the resulting RGO nanosheets (Figure 4.7(d)) can be curve-fitted into 
three peak components with BEs at about 283.7, 284.6 and 286.2 eV, attributable to 
the sp2 hybridized carbon, sp3 hybridized carbon and C-O species, respectively (Xu et 
al., 2010). The sp2:sp3 carbon ratio has increased from about 0.9:1 in GO to about 
3.1:1 in RGO, consistent with the increase in aromaticity of the nanosheets upon 
reduction. A strong O 1s signal has appeared in the wide scan spectrum of the RGO-
PBIPGA composites in Figure 4.7(e). The XPS C 1s core-level spectrum of the 
resulting RGO-PBIPGA composites (from an initial PBIPGA to RGO ratio of 5 
mmol/mol and with the free or uncomplexed polymer removed by centrifugation) can 
be curve-fitted into four peak components with BEs at about 284.6, 285.4, 286.2 and 
288.4 eV, attributable to the C-H, C-N, C-O/C-Br and O-C=O species, respectively 
(Figure 4.7(f)). The increase in relative intensity of the C-O peak component and the 
appearance of the C-N peak component and N 1s signal (inset of Figure 4.7(f)) are 
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consistent with the successful complexing of PBIPGA. 
 
Figure 4.7. XPS wide-scan and C 1s core-level spectra of the (a,b) GO, (c,d) RGO 
from thermal annealing of GO, and (e,f) RGO-PBIPGA composites (from an initial 
PBIPGA to RGO ratio of 5 mmol/mol, with the free or uncomplexed polymer 
removed by centrifugation). Inset of (f) is the N 1s core-level spectra of the RGO-
PBIPGA composites. 
 
Figure 4.8(a) shows the photographic images of aqueous dispersions of PBIPGA, 
RGO, and RGO-PBIPGA. It is apparent that RGO has been dispersed by PBIPGA. 
The RGO-PBIPGA composites remain stable and uniformly dispersed in the aqueous 
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solution for at least two weeks. The morphology of GO and RGO-PBIPGA 
composites was revealed by the TEM images. Figure 4.8(b) shows the lamellar 
structure of GO nanosheets. Figures Figure 4.8(c) shows the nanosheet obtained from 
the RGO-PBIPGA dispersion in Figure 4.8(a). The TEM images reveal that the 
nanosheet morphology of RGO does not change significantly after the π-π stacking 
interactions. 
 
Figure 4.8. (a) Photograph the aqueous dispersion of the RGO-PBIPGA complex 
from a PBIPGA to RGO ratio of 5 mmol/mol, and transmission electron microscope 
(TEM) images of the (b) GO nanosheet and (c) RGO-PBIPGA composite nanosheet 
from an initial PBIPGA to RGO ratio of 5 mmol/mol, and with the free or 
uncomplexed polymer removed by centrifugation. 
 
Figure 4.9(a) shows the UV-visible absorption spectra of two aqueous dispersions of 
RGO-PBIPGA with different molar ratio of RGO and PBIPGA. The initial molar 
ratios of PBIPGA to RGO are about 5 and 10 mmol/mol, respectively. The free 
polymer was removed by centrifugation. The broad absorption band between 250 and 
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300 nm are in agreement with those of freshly reduced colloidal GO, and can 
therefore be attributed to the carbonaceous materials (Li et al., 2008). The absorption 
peaks at 526 and 562 nm are attributed to the 0→1 and 0→0 transitions of the PBI 
moieties, respectively. The peaks are red-shift by about 30 nm from those of the 
original aqueous PBIPGA solution, consistent with the presence of π-π stacking 
interactions between the PBI moieties and the RGO nanosheets. The increases in UV 
absorption intensity with the increase in molar ratio of PBIPGA to RGO is due to 
improved dispersion of RGO in water. Figure 4.9(b) shows the fluorescence 
spectrum of the RGO-PBIPGA composites in water obtained at an excitation 
wavelength λex = 496 nm. The fluorescence of the RGO-PBIPGA composites is 
completely quenched due to charge or energy transfer, consistent with the presence of 




Figure 4.9. (a) UV-visible absorption spectra of the aqueous dispersion of RGO-
PBIPGA composites, with different concentrations of PBIPGA; (b) fluorescence 
spectra of the RGO-PBIPGA composites (from an initial PBIPGA to RGO ratio of 5 
mmol/mol, with the free or uncomplexed polymer removed by centrifugation) in 
comparison with PBIPGA (2 × 10-5 M, moles of PBIPGA per liter of H2O) in water 
excitation wavelength λex = 496 nm. 
 
Figure 4.10 shows the TGA curves of GO nanosheets, RGO nanosheets, PBIPGA 
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(from deprotection of PBIPSA (Mn = 9100 g/mol, PDI = 1.18)) and RGO-PBIPGA 
composites (from an initial PBIPGA to RGO ratio of 5 mmol/mol, with the free or 
uncomplexed polymer removed by centrifugation) at a heating rate of 10 oC/min in 
nitrogen. GO is thermally unstable and the removal of labile oxygen-containing 
functional groups, such as OH, CO and COO groups, has resulted in a rapid weight 
loss commencing at about 200 oC. In comparison to GO, RGO exhibits improved 
thermal stability. It is stable over a wide temperature range, with only about 8 % 
weight loss due to the removal of the residual oxygen functionalities at 700 oC. The 
TGA curve of the RGO-PBIPGA composites shows a major weight loss between 280-
450 oC, associated with the decomposition of PBIPGA and is consistent with the non-
covalent functionalization of PBIPGA. The main residue in the RGO-PBIPGA 
composites at 700 oC is RGO with a weight content of about 46%. Thus, the amount 
of complexed PBIPGA on the RGO nanosheets is estimated to be about 54 wt%, or an 





Figure 4.10. TGA curves of the GO nanosheets, the RGO nansheets from thermal 
annealing of GO, PBIPGA (from deprotection of PBIPSA, Mn = 9100 g/mol, PDI = 
1.18) and the RGO-PBIPGA composites (from an initial PBIPGA to RGO ratio of 5 
mmol/mol, with the free or uncomplexed polymer removed by centrifugation) 
 
More recently, graphene has been found to exhibit mild cytotoxicity arising from its 
relatively large size on the two-dimensional plane and the generation of reactive 
oxygen species (Peng et al., 2010, Hu et al., 2010, Zhang et al., 2010). GO nanosheets 
of low concentration (20 μg/mL) caused a slight decrease in A 549 cell viability 
(~20%), while increasing the GO nanosheets concentration to 85 μg/mL led to an 
increase in cytotoxicity (~50%), within 24 h incubation (Hu et al., 2010). The 
biocompatibility of graphene can be improved via elaborated surface functionalization 
(Liu et al., 2008, Peng et al., 2010). For the GO nanosheets functionalized with 
various concentrations of branched PEG (Liu et al., 2008), no obvious toxicity to the 
HCT-116 cell line was observed within 72 h of incubation. The above results indicate 
that PBIPGA improves the dispersion of RGO in aqueous solution. However, before it 
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can be utilized to improve the biocompatibility of graphene, its toxicity has to be 
evaluated. The cytotoxicity of PBIPGA was investigated via short term in vitro 
assays. The 3T3 fibroblasts were incubated with the PBIPGA at concentrations of 
0.125, 0.25, 0.5, and 1.0 mg/mL for 24 h. The viabilities of 3T3 fibroblasts are higher 
than 90% at these four concentrations, indicating that PBIPGA has low or no toxcity. 
3T3 fibroblasts were also incubated with the RGO-PBIPGA composites (from an 
initial PBIPGA to RGO ratio of 5 mmol/mol, with the free or uncomplexed polymer 
removed by centrifugation) at concentrations of 10, 20, 40 and 80 μg/mL. The results 
of the MTT assay (Figure 4.11) indicate very low cytotoxicity of the present RGO-
PBIPGA composites after 6 and 24 h of incubation. 
 
Figure 4.11. Cytotoxicity assays of the RGO-PBIPGA composites (from an initial 
PBIPGA to RGO ratio of 5 mmol/mol, with the free or uncomplexed polymer 
removed by centrifugation) of different concentrations in 3T3 fibroblasts culture 





PBI-Br was successfully used as the initiator for the ATRP of SA. Fluorescent  and 
water-soluble PBIPGA was prepared by subsequent hydrolysis of the acetal-
protecting group. The so-obtained PBIPGA can self-assemble onto RGO nanosheets 
via π-π stacking interactions, resulting in non-covalent functionalization of RGO. The 
RGO-PBIPGA composites exhibit good dispersity in an aqueous medium and very 
low cytotoxicity toward 3T3 fibroblasts. Thus, the composites can be explored for 








CHAPTER 5  
REDUCTION OF GRAPHENE OXIDE (GO) BY ANILINE WITH ITS 




Among various electroactive polymers, polyaniline (PANi) (Figure 5.1(a)) is of particularly 
interest because of its unique properties, such as good environmental stability, interconvertible 
intrinsic redox states, and good electrochemical activity (Li et al., 2008). Well-known processes 
for the preparation of reduced graphene oxide (RGO)-PANi (or GO-PANi) composites include: 
(i) mixing of preformed PANi with RGO (or GO) (Bai et al., 2009, Wu et al., 2010), and (ii) in 
situ chemical polymerization of the aniline monomer in solution in the presence of RGO (or GO) 
(Zhou et al., 2010, Wang et al., 2010). PANi, typically synthesized by oxidative polymerization 
of aniline in the presence of peroxydisulfate oxidant, has also been prepared using other 
oxidizing agents, such as Fe3+, MnO4-, IO3- and Cr2O72- salts, as well as benzoyl peroxide and 
metal/enzyme catalyzed H2O2 (Bhadra et al., 2009, Surwade et al., 2009, Dias et al., 2006, Liu et 
al., 1998). Since GO has long been recognized as having strong oxidizing properties (McClure 
and Yafet, 1962), it may serve as an oxidizing agent for oxidative polymerization of aniline. 
 
With the continuing interest in aniline polymerization, GO reduction and preparation of RGO-
PANi composites, we report herein the one-step synthesis of RGO-PANi composites by coupling 
the process of reduction of GO into RGO to the process of oxidative polymerization of aniline 
into PANi nanofibers (Figure 5.1(b)). The GO nanosheets were produced from natural graphite 
flakes by the modified Hummer’s method (Hummers and Offeman, 1958). Reduced graphene 
oxide-polyaniline nanofiber (RGO-PANi) composites were prepared via the coupled reduction of 
GO by aniline and oxidative polymerization of the latter in 1 M HCl at 70 oC. Dissolution of 































Emeraldine Base Emeraldine salt  
(b)  
Figure 5.1. (a) A general chemical structure of PANi in its Emeraldine (EM) base and EM salt 
forms; (b) Schematic illustration of the preparation of RGO-PANi nanofiber compostites. 
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5.2 Experimental Section 
5.2.1 Materials 
Natural graphite flake and aniline (99%) were purchased from Sigma-Aldrich Chem. Co. All 
other regents and solvents were purchased from either Sigma-Aldrich or Merck Chem. Co., and 
were used as received. 
 
5.2.2 Synthesis of RGO-PANi composites 
The RGO-PANi composites were prepared typically by coupling the reduction reaction of GO to 
the oxidative polymerization of aniline. About 100 mg of GO was dispersed into 100 mL of 
distilled water. Then, 1 mL of aniline in 50 mL of aqueous 1 M HCl solution was added to the 
GO dispersion quickly to induce the agglomeration of GO. The reaction mixture was stirred 
vigorously at 70 oC for 24 h. After that, the RGO-PANi composites were removed by filtration 
and undoped by treatment with excess 0.5 M NH4OH for 1 h to transform PANi in the 
composites from its emeraldine (EM) salt form to the EM base form. The products were 
centrifuged at 12000 rpm,, and the resulting precipitates were dried under reduced pressure for 
24 h. About 110 mg of the RGO-PANi composites were obtained. In order to obtain the free 
RGO, the undoped RGO-PANi composites were washed with 1-methyl-2-pyrrolidone (NMP) 
and centrifuged at 12000 r/m. This process was repeated several times to ensure the complete 
removal of PANi. After the repeated washing, centrifugation and drying of RGO-PANi 





5.3 Results and Discussion 
The as-synthesized RGO-PANi composites were undoped by treatment with excess 0.5 M 
NH4OH for 1 h to transform the PANi in the composites from the emeraldine (EM) salt form to 
the EM base form. After deprotonation by ammonia, the RGO-PANi composites exhibit good 
stability in an aqueous dispersion. In order to obtain the free RGO, the undoped (deprotonated) 
RGO-PANi composites were washed repeatedly with NMP, as EM base is readily soluble in 
NMP. The reduction of GO into RGO was monitored by the changes in XPS C 1s core-level 
spectrum. In Figure 5.2, the intensity of C-O (associated with epoxy and alkoxy species) peak 
component in GO at the BE of about 286.3 eV decreases markedly and progressively with the 
reduction time by aniline. This observation confirms that most of the oxygen-containing 




Figure 5.2. XPS C 1s core-level spectra of GO and RGO with different reduction times by 
aniline at 70 oC. 
 
The XPS C 1s core-level spectrum of the initial GO nanosheets (Figure 5.3(a)) can be curve-
fitted into five peak components with BEs at about 283.8, 284.6, 286.4, 287.9 and 288.8 eV, 
attributable to the sp2 hybridized carbon, sp3 hybridized carbon, C-O, C=O and O-C=O species, 
respectively (Xu et al., 2010). The C 1s core-level spectrum of the resulting RGO nanosheets 
from 24 h of reduction by aniline (Figure 5.3(b)) can be curve-fitted into six peak components 
with BEs at about 283.7, 284.6, 285.4, 286.2, 287.6 and 288.7 eV, attributable to the sp2 
hybridized carbon, sp3 hybridized carbon, C-N, C-O, C=O and O-C=O species, respectively (Xu 






















The marked increase in the proportion of sp2 hybridized carbon is consistent with the increase in 
aromaticity of the nanosheets upon reduction (Xu et al., 2010). The presence of a small C-N peak 
component at the BE of 285.4 eV in the C 1s core-level spectrum suggests that a residual amount 
of PANi remains complexed with RGO, probably through the π-π stacking interaction (Wang et 
al., 2010). 
 
Figure 5.3. XPS C 1s core-level spectra of (a) GO and (b) RGO from 24 h of reduction by 
aniline, and N 1s core-level spectra of the (c) RGO-PANi composites and (d) undoped RGO-
PANi composites. 
 
The successful preparation of RGO-PANi composites is also indicated by the XPS N 1s core-
level spectral line shapes. As shown in Figure 5.3(c), the N 1s core-level spectrum of as-
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398.2, 399.3 and >400 eV, attributable to the amine (-NH-), imine (=N-) and positively charged 
nitrogen (N+, >400 eV) species, respectively (Kang et al., 1998). The N 1s core-level spectrum of 
undoped (deprotonated) RGO-PANi composites is shown in Figure 5.3(d). The presence of 
about equal proportions of the imine and amine nitrogen, located at the BEs of 398.2 and 399.2 
eV, respectively, is consistent with the presence of 50% intrinsically oxidized EM base form of 
PANi (Kang et al., 1998). 
 
The structure, thermal stability and electrical conductivity of GO before and after reduction were 
characterized by XRD, TGA and resistance measurements, respectively. With the increase in 
reduction time by aniline, the sharp diffraction peak in GO (d-spacing 7.89 Å at 2θ = 11.2o) has 
decreased progressively, and a broad and intense diffraction peak (d-spacing 3.53 Å at 2θ = 
25.4o) has appeared in the XRD spectra of RGO (Li et al., 2008), as shown in Figure 5.4. This 
diffraction peak of RGO is very close to the typical diffraction peak of graphite (d-spacing 3.35 





Figure 5.4. XRD spectra of the GO nanosheets and the RGO nanosheets from different reduction 
time by aniline at 70 oC. 
 
Figure 5.5 shows the TGA curves of GO nanosheets and RGO nanosheets obtained from 
different reduction times by aniline at 70 oC. GO is thermally unstable and the removal of labile 
oxygen-containing functional groups, such as OH, CO and COO groups, has resulted in a rapid 
weight loss commencing at about 200 oC (Zhu et al., 2010). Chemical reduction of GO by aniline 
is effective in enhancing the thermal stability of resulting RGO nanosheets. 
 
Figure 5.5. TGA curves of the GO nanosheets and the RGO nanosheets from different reduction 
time by aniline at 70 oC. 
 
Figure 5.6 shows the TGA curves of the GO nanosheets and the RGO nanosheets obtained at 
different reduction temperatures for 24 h. With the increase in reaction temperature from 30 oC to 
70 oC, the weight loss of the resulting RGO at 200 oC decreases from 37% to 20%. Thus, longer 
reaction time and higher reaction temperature are required to increase the extent of reduction and 
thermal stability of the resulting RGO. Furthermore, the successful reduction of GO is confirmed 
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by the decrease in sheet resistance. The sheet resistance of compressed pellets of GO decreases 
from ~1010 ohm/sq to ~107 ohm/sq after 24 h of reduction by aniline. The resistance of present 
RGO is comparable to that of RGO obtained from chemical reduction using hydrazine as the 
reagent (Gilje et al., 2007). 
 
Figure 5.6. TGA curves of the GO nanosheets and the RGO nansheets obtained after 24 h of 
reduction by aniline at different reduction temperature. 
 
The morphology of GO and RGO-PANi composites is revealed by the TEM images. Figure 
5.7(a) shows the lamellar structure of GO nanosheets. Figure 5.7(b) and 5.7(c) show the distinct 
difference in morphology of the RGO-PANi composites from that of the starting GO. Spindles of 
PANi nanofibers with large length-to-diameter ratios appear to surround the RGO nanosheets. 
The TEM image in Figure 5.7(d) reveals that some portions of RGO nanosheet is also decorated 
with PANi nanoparticles of 5-10 nm in size. 
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Figure 5.7. TEM images of the (a) GO, (b) RGO-PANi composites, and (c) PANi nanofiber and 
(d) PANi nanoparticles in the conposites (The scale bar for the inset in (d) is 20 nm). 
 
The potential of using the RGO-PANi composites as electrode materials in capacitive energy 
storage devices was studied by galvanostatic charge-discharge technique. Figure 5.8 shows the 
galvanostatic charge-discharge curves of RGO and the RGO-PANi composites at 300 mA/g in 
the potential window of -0.2 to 0.8 V in 1 M H2SO4 electrolyte. The average specific capacitance 
values (Cavg) of RGO and the RGO-PANi composites are 41 and 286 F/g, respectively. The Cavg 
of RGO-PANi composites is higher than that of RGO or that of pure PANi at 115 F/g (Yan et al., 










Figure 5.8. Galvanostatic charge-discharge cycling curves of RGO-PANi composites at a current 
density of 300 mA/g in 1 M H2SO4 electrolyte. 
 
The electrochemical impedance spectroscopy (EIS) was used to analyze the electrochemical 
behavior of RGO-PANi composites at the electrode/electrolyte interface. Figure 5.9 shows the 
Nyquist plots of RGO, PANi and RGO-PANi composites in the frequency range of 0.1 Hz-10 
kHz at 0.5 V. At high frequency, the impedance plot of RGO-PANi composites electrode shows a 
resistance intermediate between those of RGO and pure PANi, while at lower frequency, the 
composites electrode also exhibits a vertical curve between those of RGO and pure PANi. The 
more vertical curve corresponds to a cell closer to an ideal capacitor. 











































A one-step process for the preparation of RGO-PANi composites, by coupling the reduction 
reaction of GO to the oxidative polymerization of aniline, has been demonstrated. Free RGO can 
be obtained by dissolution of PANi. The reduction of GO to RGO is accompanied by the increase 
in sp2 to sp3 hybridized carbon ratio, reduction in oxidized carbon species, appearance of 
graphite-like XRD peak and improved thermal stability. The as-synthesized RGO-PANi 
composites exhibit improved electrochemical performance and have potential applications in 
capacitive energy storage. This redox-coupled process can be readily extended to other 
electroactive monomers, thus providing a versatile and benign means for the reduction of GO to 
RGO and the synthesis of electroactive polymer-RGO based materials for electronic and 










CHAPTER 6  
CYCLODEXTRIN-FUNCTIONALIZED GRAPHENE NANOSHEETS AND 




Azides, as a family of highly reactive anionic moieties, decompose under thermolysis or 
photolysis condition by extrusion of a molecular nitrogen to result in the highly reactive nitrenes 
(Cases et al., 2001, Prato et al., 1993). The nitrenes react with hydrocarbons by abstraction of 
hydrogen and addition to C=C double bonds to form aziridine rings (Li et al., 2010). This feature 
of nitrene species has been widely used to modify the surface of many polymeric substrates and 
carbon allotropes, including fullerenes, carbon nanotubes, graphene and onions (Liu et al., 2010, 
Xu et al., 2011, Strom et al., 2010, Zhou et al., 2009, Holzinger et al., 2003, Pastine et al., 2008, 
Qin et al., 2004, Holzinger et al., 2001, Ohno et al., 2010). Although the nitrene chemistry has 
been successfully used to functionalize pristine graphene obtained from direct sonication (Liu et 
al., 2010, Strom et al., 2010, Xu et al., 2011), its conjugation with GO needs to be explored 
further. Interestingly, the nitrene chemistry requires high reaction temperature as that of 
solvothermal reduction of GO (Viet et al., 2011, Dubin et al., 2010). Accordingly, combination 
of solvothermal reduction of GO and nitrene functionalization of the obtained RGO in one-pot 
would be highly desirable and of technological interest. 
 
 We describe herein the solvothermal reduction of GO and simultaneous nitrene addition of 
azido-labeled molecules to the reduced GO. The azido-labeled molecule, mono-(6-azido-6-
deoxy)-β-cyclodextrin (CD-N3), is a cyclic oligomer of seven D-(+)-glucopyranose units with a 
hydrophobic cavity (Harada and Hashidzume, 2010, Chen and Jiang, 2011). The hydrophobic 
cavity of CD is of great significance in supramolecular chemistry because it can selectively bind 
‘guest’ molecules via non-covalent interactions to form an inclusion complexes (Chen and Jiang, 
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2011, Harada and Hashidzume, 2010). By covalent functionalization of RGO with CD (RGO-g-
CD), not only are the RGO imparted with dispersibility and stability in aqueous media, they also 
exhibit the supramolecular recognition capabilities of the CD. Ferrocene is known to form 1:1 
stable adduct with β-CD in aqueous solution with a complexation constant K = 1230 M-1. 
Poly(N-isopropylacrylamide-co-vinylferrocene(II)) copolymer (PNIPAM-Fc) and ferrocene-
modified hyperbranched polyglycerol (HPG-Fc) were further used to prepare the RGO/polymer 
nanohybrids via host-guest inclusion complexation between the CD and Fc moieties (Figure 6.1). 
 





6.2 Experimental Section 
6.2.1 Materials  
Glycidol (96%), potassium tert-butoxide ((CH3)3COK, 97%), ferrocenylmethyl 
alcohol (95%), vinylferrocene (97%), natural graphite flakes and 2,2’-azobis(2-
methylpropionitrile) (AIBN, 98%) were purchased from Sigma-Aldrich Chem. Co. 
and were used as received. N-Isopropylacrylamide (97%) was also purchased from 
Sigma-Aldrich, and was recrystallized twice from hexane. All other solvents and 
reagents were purchased from either Sigma-Aldrich or Merck Chem. Co., and were 
used as received. 3T3 fibroblasts were obtained from American Type Culture 
Collection (ATCC). Folic acid-deficient Dulbecco's modified Eagle's medium 
(DMEM), fetal bovine serum, L-glutamine, and penicillin were purchased from 
Sigma-Aldrich Chem. Co. 
  
6.2.2 Synthesis of GO 
See Section 3.2.2. 
 
6.2.3 Synthesis of mono-(6-azido-6-deoxy)-β-cyclodextrin (CD-N3) 
CD-N3 was prepared according to the methods reported in the literature (Trellenkamp 
and Ritter, 2010). β-CD (50.0 g, 44.0 mmol) was dissolved in 500 mL of a 0.4 M 
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aqueous solution of NaOH. Meanwhile, p-toluenesulphonyl chloride (pTSC) (35.0 g, 
184 mmol) was added in small portions under intense stirring over 5 min to the 
solution. The reaction was run 30 min below 5 oC and the white solid was filtered. 
The filtrate was neutralized with hydrochloric acid and stirred for 1 h. The resultant 
precipitate was filtered off and dried under reduced pressure at 40 °C overnight. A 
yield of 26.3 g of mono-6-p-toluenesulfonyl-β-cyclodextrin (CD-pTS) was obtained. 
For the azide formation, dried CD-pTS (10.0 g, 7.76 mmol) was suspended in 100 mL 
of water and heated to 80 °C. Subsequently, 5 equiv of sodium azide was added to the 
suspension and stirred for 4 h until the reaction mixture became transparent. The 
solution was precipitated into 600 mL of acetone and dried under reduced pressure at 
room temperature to obtain CD-N3. The crude CD-N3 was purified by 
recrystallization from water/acetone. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 6.0–
5.90 (OH-C2, OH-C3), 4.97 (C1), 4.95–4.88 (C1), 4.67–4.53 (OH-C6), 3.90–3.60 (C2, 









































































































Figure 6.2. Synthesis of CD-pTS and CD-N3. 
6.2.4 Synthesis of RGO and RGO-g-CD nanosheets  
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The RGO-g-CD nanosheets were prepared as follows. The as-synthesized GO 
powders (200 mg) was dispersed in 40 mL of anhydrous 1-Methyl-2-pyrrolidone 
(NMP) and sonicated in an ice bath for 30 min to create a homogeneous dispersion 
with a concentration of 5 mg/mL. After that, CD-N3 (100 mg) was dissolved in the 
dispersion and the reaction mixture was heated to 160 oC for 72 h under an argon 
atmosphere. The thermally generated nitrene radicals derived from the CD-N3 possess 
high reactivity, and could attack the strained double bonds in GO or RGO to form the 
covalent aziridine rings (Strom et al., 2010). After that, the reaction mixture was 
cooled down to room temperature and precipitated into 200 mL of diethyl ether. The 
obtained precipitate was filtered, redispersed in 50 mL of distilled water and dialyzed 
against distilled water for 3 days. The RGO-g-CD dispersion was lyophilized for 
further characterization. RGO nanosheets were synthesized under the same condition 
of RGO-g-CD nanosheets, except the addition of CD-N3. 
 
6.2.5 Synthesis of poly(N-isopropylacrylamide-co-vinylferrocene(II)) copolymer 
(PNIPAM-Fc)  
PNIPAM-Fc was prepared by conventional radical polymerization in 1,4-dioxane 
with AIBN as the initiator. NIPAM (1.13g, 10 mmol), vinylferrocene (53 mg, 0.25 
mmol) and AIBN (33 mg, 0.2 mmol) was dissolved in 10 mL of 1,4-dioxane. The 
mixture was degassed with argon for 30 min. After degassing, the reaction tubes were 
sealed and placed in an oil bath at 70°C for 8 h. The reaction mixture was diluted with 
tetrahydrofuran (THF) and added dropwise to diethyl ether under rapid stirring to 
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precipitate the copolymers. The precipitated copolymers were dissolved in THF and 
reprecipitated in this manner two more times. The precipitated product was then dried 
under reduced pressure for 24 h. 1H NMR (300 MHz, CDCl3), δ (ppm): 6.65 (-
C(=O)NH), 4.25-3.80 (-NH-CH and ferrocene protons), 2.22-1.35 (polymer backbone 
protons) and 1.20 (-NHCH(CH3)2). 
 
6.2.6 Synthesis of ferrocene-modified hyperbranched polyglycerol (HPG-Fc) 
 Ferrocenylmethyl alcohol (0.40 g, 1.85 mmol) and potassium tert-butoxide (41.6 mg, 
0.37 mmol) were dissolved in anhydrous 1,4-dioxane (5 mL) under the protection of 
argon. The reaction mixture was heated to 80 °C and purged with purified argon for 2 
h to partially (20%) deprotonate the hydroxyl groups. After that, glycidol (5 mL) in 
1,4-dioxane (5 mL) was slowly added to this suspension via a syringe over a period of 
4 h. The system was then maintained at 90 °C for 24 h under argon protection. After 
cooled to room temperature, the mixture was dissolved in anhydrous methanol (20 
mL) and neutralized by adding the acidic ion-exchange resin (Dowex 50WX8, 4g). 
The resin was removed by filtration and the filtrate was concentrated by rotary 
evaporation. The product was finally precipitated three times from acetone and dried. 
1H NMR (300 MHz, D2O), δ (ppm): 4.79 (H2O, OH), 4.35-4.11 (ferrocene protons) 




6.2.7 Synthesis of RGO-g-CD/Fc-PNIPAM and RGO-g-CD/Fc-HPG 
nanohybrids  
RGO-g-CD (20 mg) was dispersed in water (20 mL). PNIPAM-Fc or HPG-Fc (100 
mg) were added and the reaction mixture was stirred at 25 oC for 12 h. After the 
conjugation reaction, the solution was filtered with a 0.2-μm membrane filter. The 
nanohybrids were washed thoroughly with doubly-distilled water, followed by drying 
under reduced pressure for further characterization. 
 
6.2.8 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) cell 
viability assay  
The GO, RGO-g-CD and RGO-g-CD/Fc-HPG were sterilized with 75% ethanol and 
recovered by centrifugation before use. The cytotoxicity of the GO, RGO-g-CD and 
RGO-g-CD/Fc-HPG was evaluated by determining the viability of mouse 3T3 
fibroblasts after incubating in the medium containing the GO, RGO-g-CD and RGO-
g-CD/Fc-HPG (with concentrations of 40 µg/mL and 80 µg/mL), respectively. The 
3T3 fibroblasts were seeded in a 96-well culture plate and incubated at 37 oC for 24 h 
prior to the treatment. Then, the medium was replaced with a fresh medium 
containing GO, RGO-g-CD and RGO-g-CD/Fc-HPG, respectively. Control 
experiments were carried out using the complete growth culture medium in the 
absence of graphene-based materials. The 3T3 fibroblasts were incubated at 37 oC for 
another 6 and 24 h in the medium. After that, the culture medium in each well was 
removed and 90 μL of the medium and 10 μL of the MTT solution (5 mg/mL in PBS) 
were then added to each well. After 4 h of incubation at 37 oC, the medium was 
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removed and the formazan crystals (a purple-color dye from reduction of MTT in 
living cells) were solubilized with 100 μL of dimethyl sulfoxide (DMSO) for 15 min. 
After centrifugation at 10,000 rpm to remove any suspended graphene-based 
materials, the optical absorbance was measured at 560 nm on a microplate reader 
(Tecan GENios). The results were expressed as percentages relative to that obtained 
in the control experiments. 
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6.3 Results and Discussion 
The RGO-g-CD nanosheets was prepared via simultaneous reduction of graphene 
oxide (GO) to reduced graphene oxide (RGO) and grafting of mono-(6-azido-6-
deoxy)-β-cyclodextrin (CD) via nitrene addition onto RGO in one-pot synthesis, since 
the solvothermal reduction of GO and nitrene addition share the same reaction 
condition (Figure 6.1). The lyophilized RGO-g-CD powders can be readily dispersed 
in water, NMP and N’N-dimethylformamide (DMF) upon ultrasonic agitation. The 
obtained dispersion is homogeneous and stable. After stored at 23 oC for six months, 
only about 4.3 wt% and 2.1 wt% precipitation were collected for the RGO-g-CD 
nanosheets in water and DMF, respectively. The stability of RGO-g-CD dispersion in 
water arises from the introduction of CD molecules, which prevent the aggregation of 
RGO after chemical reduction (Guo et al., 2010). The successful solvothermal 
reduction is revealed by the color change and absorption spectra evolution of the 
dispersion. As shown in Figure 6.3, the color of the dispersion changes from 
yellowish brown to black after the solvothermal reduction. The UV-visible absorption 
spectrum of GO dispersion displays an absorbance peak at 231 nm, which is 
attributable to π – π* transition of aromatic C=C bonds, and a shoulder at 304 nm 
associated with the n – π* transition of the C=O bonds (Xu et al., 2010). After 
solvothermal reduction, the absorbance peak of RGO-g-CD dispersion shifted to 268 
nm and the intensity of the absorption tail in the visible region (> 300 nm) increased, 
while β-CD did not know appreciable absorption in the wavelength region of 200-400 
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nm (Al-Rawashdeh et al., 2011). These results indicate the restoration of electronic 
conjugation in GO upon solvothermal reduction (Li et al., 2008). 
Figure 6.3. UV-vis absorption spectra and photograph of the aqueous dispersions of 
(a) GO and (b) RGO-g-CD nanosheets. 
 
The morphology of GO and RGO-g-CD is revealed by the transmission electron 
microscope (TEM) images in Figure 6.4. The RGO-g-CD nanosheets do not 




Figure 6.4. Transmission electron microscope (TEM) images of the (a) GO and (b) 
RGO-g-CD nanosheets. 
 
The structure of GO, RGO and RGO-g-CD were also characterized by X-ray 
diffraction (XRD). In the XRD spectra of RGO-g-CD and RGO (Figure 6.5(b) and 
6.5(c)), the sharp diffraction peak of GO at 2θ = 9.33o has disappeared and new broad 
diffraction peaks at 2θ = 24.3o have emerged. The diffraction peak shift may be 
attributed to the re-stacking of graphene nanosheets reduced in a wet chemical process 
(Vuluga et al., 2011). The broadening of the diffraction peaks can be attributed to two 
factors: the small sheet size and a relatively short domain order or irregular 
turbostratic arrangement of RGO and RGO-g-CD nanosheets (Dubin et al., 2010). 
Furthermore, the XRD spectra of RGO and RGO-g-CD nanosheets are almost the 
same, indicating that the nitrene addition of azide-labeled CD to RGO has less effect 





















Figure 6.5. X-ray diffraction (XRD) spectra of the (a) GO and (b) RGO-g-CD 
nanosheets. 
Thermogravimetric analysis (TGA) was performed to study the decomposition and 
thermal stability of GO and RGO-g-CD nanosheets (Figure 6.6). The TGA curve of 
GO indicates 35% rapid weight loss at about 300 oC, attributable to the removal of 
labile oxygen-containing functional groups. The weight loss rate (dm/dTmax) is about 
247 oC. Solvothermal reduction of GO is effective in enhancing the thermal stability 
of resulting RGO-g-CD nanosheets. The major weight loss in RGO-g-CD nanosheets 
is due to the thermal decomposition of CD molecules and some residual oxygen-
containing groups. Except the weight loss of CD molecules, RGO-g-CD nanosheets 
shows high thermal stability than that of GO nanosheets, which can be differentiated 
from the weight remaining at high temperature (700 oC).  
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Figure 6.6. Thermogravimetric analysis (TGA) curves of the (a) GO and (b) RGO-g-
CD nanosheets, (c) HPG-Fc, (d) PNIPAM-Fc, and the (e) RGO-g-CD/Fc-HPG and (f) 
RGO-g-CD/Fc-PNIPAM nanohybrids. 
 
To further illustrate the formation of RGO-g-CD nanosheets, X-ray photoelectron 
spectroscopy (XPS) analysis was performed to characterize the elemental composition 
of GO and RGO-g-CD nanosheets. Figures 6.7(a) and 6.7(b) show the XPS wide-
scan spectra of GO and RGO-g-CD nanosheets, respectively. In comparison to that of 
GO, the appearance of N 1s signal in the RGO-g-CD nanosheets (inset of Figures 
6.7(b)) indicates that the nitrene radicals generated from thermolysis during 
solvothermal reduction have successfully functionalized RGO in one-pot synthesis. 
The amount of CD molecules grafted on the surface of RGO nanosheets can also be 
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determined from the XPS C 1s and N 1s peak component area ratio (molar ratio) of 
RGO-g-CD in Figures 6.7(b). The content of CD molecules is determined to be 8.9 
wt%. 
    
Figure 6.7. X-ray photoelectron spectroscopy (XPS) wide-scan spectra of the (a) GO, 
(b) RGO-g-CD nanosheets, and the (c) RGO-g-CD/Fc-PNIPAM and (d) RGO-g-
CD/Fc-HPG nanohybrids. (b’) XPS N 1s core-level spectrum of the RGO-g-CD 
nanosheets and (c’,d’) XPS Fe 2p3/2 and Fe 2p1/2 core-level spectra of the RGO-g-
CD/Fc-PNIPAM and RGO-g-CD/Fc-HPG nanohybrids, respectively. 
 
The presence of β-CD on the surface of RGO nanosheets was also confirmed by 1H 
NMR spectroscopy. As shown in the 1H NMR spectrum of RGO-g-CD nanosheets in 
D2O (Figures 6.8), the chemical shifts at δ = 5.01, 3.91, 3.82, 3.57 and 3.52 ppm are 
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associated with the protons on β-CD (Xu et al., 2012), indicating the successful 
grafting of β-CD. 
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Figure 6.8. 1H NMR spectrum of RGO-g-CD nanosheets in D2O. 
 
The RGO-g-CD nanosheets possess simultaneously the unique properties of graphene 
(large specific surface area) and CD molecule (good supramolecular recognition). 
Ferrocene (Fc) is an excellent guest molecule for inclusion complexation with the CD 
molecule (Harada, 2001). Two ferrocene-containing functional polymers, poly(N-
isopropylacrylamide-co-vinylferrocene(II)) copolymer (PNIPAM-Fc) and ferrocene-
modified hyperbranched polyglycerol (HPG-Fc), were attached to the RGO-g-CD 
nanosheets via host–guest interaction. PNIPAM-Fc was synthesized via free radical 
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copolymerization of N-isopropylacrylamide and vinylferrocene(II), using 2,2’-
azobis(2-methylpropionitrile) (AIBN) as the initiator. HPG-Fc was obtained from 
ring-opening polymerization of glycidol, using partially deprotonateferrocenylmethyl 
alcohol as the initiator (Figure 6.1). The number-average molecular weight (Mn) of 
HPG-Fc is 12,800 with a polydispersity index (PDI) of 1.19, while PNIPAM-Fc has a 
Mn of 71,100 and a PDI of 1.42, measured by gel permeation chromatography (GPC) 
(Figure 6.9).  
 
Figure 6.9. GPC elusion traces of (a) PNIPAM-Fc and (b) HPG-Fc. 





The degree of branching (DB) of HPG-Fc was calculated on the basis of the integral 
area of different structural units from the 13C NMR spectrum (Figure 6.10) using a 
previous derived equation (Sunder et al., 1999): 
DB ൌ 2ܦ2ܦ ൅ ܮଵଷ ൅ ܮଵସ 
in the equation, DB represents the degree of branching, D, L13 and L14 represent the 
fractions of dendritic, linear 1,3 units and linear 1,4 units, respectively. The DB value 
of HPG-Fc is about 0.38. The ferrocene content in PNIPAM-Fc was determined by 
the UV-visible absorption of oxidised ferrocene moiety in PNIPAM-Fc observed at 
619 nm in an aqueous solution. The value of ferrocene content derived from the UV-
visible spectroscopy is about 1.7 wt%. 










Figure 6.10. 13C NMR spectrum of ferrocene-modified hyperbranched polyglycerol 




After stirring HPG-Fc (or PNIPAM-Fc) in the aqueous dispersion of RGO-g-CD 
nanosheets, HPG (or PNIPAM) was immobilized on the surface of RGO nanosheets 
via host-guest interaction of the CD and Fc moieties. The resulting RGO-g-CD/Fc-
HPG (or RGO-g-CD/Fc-PNIPAM) nanohybrids were collected by filtration using a 
0.2 µm (pore size) filter membrane. Compared to the RGO-g-CD nanosheets, which 
are only dispersible in water, DMF and DMSO, the RGO-g-CD/Fc-HPG (or RGO-g-
CD/Fc-PNIPAM) is also dispersible in ethanol, methanol and chloroform. 
Thermogravimetric analysis (TGA) was then carried out to confirm the successful 
complexing of HPG (or PNIPAM) on the RGO-g-CD nanosheets. Figure 6.6(c), 
6.6(d), 6.6(e) and 6.6(f) show the TGA curves of HPG-Fc and PNIPAM-Fc, RGO-g-
CD/Fc-HPG and RGO-g-CD/Fc-PNIPAM nanohybrids, respectively. It is found that 
both HPG-Fc and PNIPAM-Fc are not thermally stable, and mostly lost below 450 oC. 
The TGA curves of RGO-g-CD/Fc-HPG and RGO-g-CD/Fc-PNIPAM nanohybrids 
reveal 65% and 70% mass loss, respectively, when the furnace temperature reaches 
450 oC. The weight deduction in these two nanhybrids is due to the decomposition of 
some residual oxygen-containing groups and CD molecules in RGO and grafted 
HPG-Fc or PNIPAM-Fc. Based on the final weight loss of RGO-g-CD nanosheets 
(37%), the amounts of complexed HPG-Fc and PNIPAM-Fc on the RGO are 




Furthermore, XPS was employed to determine the change in elemental composition 
during modification of the RGO nanosheets. Figure 6.7(c) shows the XPS wide-scan 
spectrum of RGO-g-CD/Fc-PNIPAM. The increase in intensity of N 1s core-level 
signal at the BE of about 400 eV and the presence of Fe 2p3/2 and Fe 2p1/2 signals at 
BEs of about 708 and 721 eV indicate that PNIPAM-Fc has been successfully 
complexed on the RGO-g-CD nanosheets. The observation of Fe 2p3/2 and Fe 2p1/2 
signals at BEs of about 708 and 721 eV in the XPS Fe 2p core-level spectrum of 
RGO-g-CD/Fc-HPG (Figure 6.7(d)) also suggests that RGO-g-CD has been 
functionalized by HPG-Fc. From the XPS Fe 2p and C 1s peak component area ratio 
of RGO-g-CD/Fc-HPG and RGO-g-CD/Fc-PNIPAM nanohybrids, the grafting extent 
of HPG-Fc and PNIPAM-Fc is determined to be about 21% and 39%, respectively. 
These results are comparable to that obtained from TGA curves. 
    
PNIPAM is a water-soluble thermoresponsive polymer. In an aqueous medium, it 
changes from a clear solution to a turbid suspension at the lower critical solution 
temperature (LCST) of about 32 oC (Chiantore et al., 1979). When the 
thermoresponsive PNIPAM is coupled to RGO, it is expected that the dispersion 
behavior of RGO can be reversibly controlled by temperature, making the graphene-
based nanohybrids applicable to switching devices and sensors (Bak et al.). As shown 
in the turbidimetry measurement in Figure 6.11(a), the aqueous solution of PNIPAM-
Fc displays reversible dispersibility at a LCST of 28.5 oC. The LCST of the PNIPAM-
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Fc is 3.5 oC lower than that of pristine PNIPAM (32 oC) (Chiantore et al., 1979), due 
to the incorporation of hydrophobic VFc(II) moiety leads to an increase in the 
copolymer hydrophobicity. The more hydrophobic the copolymer, the lower is its 
LCST, as predicted by Taylor and Cerankowski (Taylor and Cerankowski, 1975). 
After conjugation of PNIPAM-Fc with the RGO-g-CD nanosheets, the resulting 
RGO-g-CD/Fc-PNIPAM nanohybrids still exhibit thermoresponsive behavior with a 
LCST of 28 oC (Figure 6.11(b)). In comparison with PNIPAM-Fc, the LCST value of 
RGO-g-CD/Fc-PNIPAM nanohybrids is further decreased by 0.5 oC. The decrease in 
LCST is similar to that of the multi-walled carbon nanotubes (MWCNTs)-PNIPAM 
nanohybrids, arising from the hydrophobic nature of MWCNTs (Xu et al., 2006). 
RGO-g-CD/Fc-PNIPAM nanohybrids form a stable suspension in water at ambient 
temperature, but precipitate readily when the temperature is higher than the LCST. 
The precipitated RGO-g-CD/Fc-PNIPAM can be redispersed into water with mild 
shaking when the medium is cooled to below the LCST. The reversible 
thermoresponsive behaviour of RGO-g-CD/Fc-PNIPAM nanohybrids was measured 
by turbidimetry measurement in a cooling process. As shown in Figure 6.11(c), a 
highly reversible performance is exhibited by RGO-g-CD/Fc-PNIPAM nanohybrids. 
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Figure 6.11. Turbidimetry measurements of the aqueous dispersion of (a) PNIPAM-
Fc in a heating process and (b,c) RGO-g-CD/Fc-PNIPAM nanohybrids in 
heating/cooling processes. 
 
This hydrophilic/hydrophobic phase transition of PNIPAM moieties in the RGO-g-
CD/Fc-PNIPAM nanohybrids should display an endothermic/exothermic effect, 
which can be used to quantify the switching effect. Differential scanning calorimeter 
(DSC) is a well-established method to investigate the phase transition of PNIPAM 
and PNIPAM copolymers in solution. An endothermal peak can be observed at the 
transition temperature upon heating aqueous solutions of PNIPAM (Schönhoff et al., 
2002). Figure 6.12 shows the temperature dependence of specific heat capacity (Cp) 
of RGO-g-CD/Fc-PNIPAM nanohybrids in one heating/cooling cycle via DSC 
measurements at a heating/cooling rate of 2.0 oC/min. The phase transition occurs at 
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about 31 oC in the heating process, and at about 29 oC in the cooling process, 
indicating the presence of hysteresis in the heating and cooling cycle. A similar 
phenomenon was observed in the folding and unfolding of a single PNIPAM chain in 
water, which is attributed to additional intrachain hydrogen bondings in PNIPAM 
formed in the collapse state at high temperatures (Wu and Zhou, 1996). 
       
Figure 6.12. Cp for an aqueous dispersion of RGO-g-CD/Fc-PNIPAM nanohybrids as 
a function of temperature during the heating/cooling cycle. 
 
More recently, graphene has been found to exhibit mild cytotoxicity arising from its 
relatively large size on a two-dimensional plane and the generation of reactive oxygen 















species (Hu et al., 2010, Zhang et al., 2010, Peng et al., 2010). GO nanosheets of low 
concentration (20 μg/mL) caused a slight decrease in A 549 cell viability (~20%), 
while increasing the GO nanosheets concentration to 85 μg/mL led to an increase in 
cytotoxicity (~50%), within 24 h of incubation (Hu et al., 2010). The biocompatibility 
of graphene can be improved via elaborated surface functionalization (Peng et al., 
2010, Liu et al., 2008). For GO nanosheets functionalized with various concentrations 
of branched poly(ethylene glycol) (PEG), no obvious toxicity effect on the HCT-116 
cell line was observed within 72 h of incubation (Liu et al., 2008). Water-soluble 
HPG has been widely used in biomedical applications because of its biocompatibility 
(Luo et al., 2011). Thus, the RGO-g-CD/Fc-HPG nanohybrids are expected to have 
low cytotoxicity for 3T3 fibroblast cell line. The cytotoxicity of GO, RGO-g-CD and 
RGO-g-CD/Fc-HPG was investigated via short term in vitro assays. The 3T3 
fibroblasts were incubated with the GO, RGO-g-CD and RGO-g-CD/Fc-HPG at 
concentrations of 40 and 80 μg/mL for 24 h. The results of the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay, expressed in percentages 
relative to that obtained in the control experiments, indicate more than 90% cell 
viability in the RGO-g-CD/Fc-HPG nanohybrids culture at both nanohybrid 
concentrations. The results translate to very low or negligible cytotoxicity of RGO-g-
CD/Fc-HPG (Figure 6.13). In contrast, GO and RGO-g-CD exhibit higher 
cytotoxicity than the RGO-g-CD/Fc-HPG nanohybrids at the same concentration, 
suggesting that the biocompatibility of RGO-g-CD/Fc-HPG nanohybrids is greatly 
improved compared to that of GO and RGO-g-CD. However, in comparison with 
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HPG-Fc, RGO-g-CD/Fc-HPG nanohybrids still exhibit a little cytotoxicity to 3T3 
fibroblast cell line, due to the introduction of mild cytotoxicity of graphene materials. 
        
Figure 6.13. Relative cell viability of 3T3 fibroblasts after incubating in 40 and 80 
μg/mL of the GO and RGO-g-CD nanosheets, and the RGO-g-CD/Fc-HPG 

























An alternative protocol for functionalization of graphene with CD for subsequent design of novel 
graphene/polymer nanohybrids via supramolecular routes has been demonstrated. RGO-g-CD 
nanosheets were prepared in a one-pot process which involved the simultaneous solvothermal 
reduction of GO and the nitrene addition of azido-labeled CDs to the reduced GO. RGO-g-
CD/Fc-PNIPAM and RGO-g-CD/Fc-HPG nanohybrids were then prepared by spontaneous 
inclusion complexation of CD and ferrocene moieties of functionalized PNIPAM-Fc and HPG-
Fc, respectively. The RGO-g-CD/Fc-PNIPAM and RGO-g-CD/Fc-HPG nanohybrids are organo- 
and water-dispersible and exhibit good stability in the dispersed state. The RGO-g-CD/Fc-
PNIPAM nanohybrids also exhibit reversible phase transition at the LCST of 28 oC and can 
potentially be developed into ‘smart’ thermoresponsive bioelectrocatalysis devices, due to the 
good electron-transfer and electrochemical catalysis capabilities of RGO. While the GO 
nanosheets exhibited mild cytotoxicity, the RGO-g-CD/Fc-HPG nanohybrids were shown to be 
non-toxic towards 3T3 fibroblasts in MTT assays. Since RGO has large specific surface area and 
exhibits hydrophobic nature, they can thus be developed further for biomedical applications, 








CHAPTER 7  
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
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The present research work has attempted to reduce GO nanosheets and functionalize the 
resulting RGO nanosheets with functional polymers to improve their dispersion behavior and 
solution processability. Various low-cost and environmentally-friendly methods, such as thermal 
and solvothermal reduction, and reduction by dopamine and aniline, were utilized to obtain RGO 
nanosheets. Different functional polymers, including PEG, PANi, PBIPGA, PNIPAM and HPG, 
were synthesized and used to functionalize RGO nanosheets to achieve the desired 
functionalities and properties.  
 
In the first part of the research, it has been shown that GO nanosheets can be readily reduced by 
dopamine with simultaneous capping by polydopamine (from self-polymerization of dopamine) 
to provide a versatile platform for covalent grafting of functional polymer brushes. Not only did 
dopamine allow reduction of GO without the use of hazardous chemicals or reducing agents, 
polydopamine was also used to immobilize thiol- and amino-terminated PEG on the surface of 
RGO in a “grafting-to” process. The PEG-grafted RGO nanosheets were organo- and water-
dispersible (processable) and exhibited good stability in the dispersed state. The method has 
provided a new perspective for the reduction of GO nanosheets and grafting of thiol- or amino-
functionalized polymers on the surface of the resulting RGO nanosheets. Another contribution of 
this work is that this approach can be extended to other thiol- or amino-functionalized polymers 
and proteins, thus providing a versatile and benign means for the preparation and processing of 




In the next part of the research, a one-step process for the preparation of RGO-PANi composites, 
by coupling the reduction reaction of GO to the oxidative polymerization of aniline, has been 
demonstrated. Free RGO was obtained by dissolution of PANi. The reduction of GO to RGO 
was accompanied by the increase in sp2 to sp3 hybridized carbon ratio, reduction in oxidized 
carbon species, appearance of graphite-like XRD peak, and improved thermal stability. The as-
synthesized RGO-PANi composites exhibited improved electrochemical performance. This 
finding is significant as the resultant RGO-PANi nanocomposites have been shown to have 
potential applications in capacitive energy storage. 
 
In the third part of the research, RGO nanosheets were obtained by thermal annealing of GO 
nanosheets under a H2/Ar mixture stream. Fluorescent and water-soluble perylene bisimide-
containing PBIPGA was prepared by subsequent hydrolysis of the acetal-protecting group. The 
so-obtained PBIPGA self-assembled onto RGO nanosheets via π–π stacking interactions, 
resulting in non-covalent functionalization of RGO. The RGO-PBIPGA composites exhibited 
good dispersity in an aqueous medium and very low cytotoxicity toward 3T3 fibroblasts. Thus, 
the composites can be explored for biomedical applications, such as cell imaging and 
intracellular drug delivery. 
 
 In the last part of the thesis, an alternative protocol for functionalization of graphene with CD 
for subsequent design of novel graphene/polymer nanohybrids via supramolecular routes has 
been demonstrated. RGO-g-CD nanosheets were prepared in a one-pot process which involved 
the simultaneous solvothermal reduction of GO and the nitrene addition of azido-labeled CDs to 
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the reduced GO. RGO-g-CD/Fc-PNIPAM and RGO-g-CD/Fc-HPG nanohybrids were then 
prepared by spontaneous inclusion complexation of CD and ferrocene moieties of functionalized 
PNIPAM-Fc and HPG-Fc, respectively. The RGO-g-CD/Fc-PNIPAM and RGO-g-CD/Fc-HPG 
nanohybrids were organo- and water-dispersible and exhibited good stability in the dispersed 
state. The RGO-g-CD/Fc-PNIPAM nanohybrids also exhibited reversible phase transition at the 
LCST of 28 oC and can be developed into ‘smart’ thermoresponsive bio- and electrocatalytic 
devices, due to the good electron-transfer and electrochemical properties of RGO. While the GO 
nanosheets exhibited mild cytotoxicity, the RGO-g-CD/Fc-HPG nanohybrids were shown to be 
non-toxic towards 3T3 fibroblasts in MTT assays. By combining the large surface area and 
hydrophobic nature of RGO with the biocompatible property of HPG, the RGO-g-CD/Fc-HPG 
nanohybrids can be developed into hydrophobic drug delivery vehicles. 
 
It should be noted that graphene is a relatively new material, and there may be a few related 
issues. For example, the structure of GO nanosheets depends on the particular synthesis method 
and degree of oxidation, and is still not well established. This thesis has focused mainly on the 
methods for the “greener” preparation of RGO nanosheets. The reduction mechanism and the 
electrical and mechanical properties of the obtained RGO nanosheets were not explored. 
Understanding the reduction mechanism and the electrical and mechanical properties of the 





The focus of this study was  on some typical and representive conjugated and saturated polymer 
samples. It would be interesting to extend the study into many other polymer samples, to obtain a 
better understanding of their physical and chemical interactions with graphene nanosheets. 
What’s more, the polymer samples used in this thesis were mainly linear polymers. The other 
types of polymers including star, comb, brush and dendronized polymers should also be 
considered. Biomacromolecules, such as DNA, enzyme and proteins, should also be conjugated 
with RGO nanosheets in the future work. The RGO-biomacromolecules nanocomposites may 
exhibit some intriguing physiological properties.  
 
Furthermore, the cytotoxicity of the obtained RGO-PBIPGA composites and RGO-g-CD/Fc-
HPG nanohybrids was only examined in vitro, due to the restricted approval of animal testing or 
clinical trials. For the development of RGO-PBIPGA nanocomposites and RGO-g-CD/Fc-HPG 
nanohybrids in biomedical applications, the in vivo tests will be critical importance. Thus, 
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